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Abstract

The importance of neutrons as scientific probes is undisputed. The High-Brilliance
Neutron Source (HBS), planned by Forschungszentrum Jiilich, shall serve as a precursor
for a network of low- and medium-flux neutron sources throughout Europe and will
make use of the neutron-producing reaction Be(p,n) or Be(d,n) in the sub-spallation
regime with Ejo, <100 MeV.

Subject of this thesis is the development and optimization of the target-moderator-
reflector system of the HBS. The dependence of the brilliance and temporal pulse struc-
ture of the generated neutrons on the geometry, the materials, and the accelerator
parameters is examined in multi-dimensional parameter studies. The investigations are
conducted by means of the Monte Carlo method.

The simulation studies indicate that a combination of a compact thermal moderator
with a high slowing-down power ¢ X, for example PE or light water, and a high-volume
reflector with a low capture cross section 0y, ) < Ugw), e.g., beryllium or graphite,
exhibits an exceptionally high thermal neutron flux within the moderator-reflector
assembly. The neutrons can effectively be extracted by exploiting the streaming effect
using newly developed flux channels from the center of the moderator, whereby the
peak brilliance is increased significantly. Cold moderators should be implemented in the
flux maximum inside the thermal moderator to additionally increase the peak brilliance
of cold neutrons. For the mechanical engineering of the target-moderator-reflector
assembly a design of all components as compact as possible is strongly advised.

A further subject of this thesis is the design and optimization of a moderator prototype
for measurements at the AKR-2 training reactor in Dresden, by which the conclusions

of the simulations are verified.
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Kurzzusammenfassung

Die Wichtigkeit von Neutronen fiir die Forschung ist unumstritten. Die High-Brilliance
Neutron Source (HBS), geplant vom Forschungszentrum Jiilich, soll als Vorreiter fiir
ein Netzwerk von Nieder- und Mittelflussquellen in Europa dienen und sich die neu-
tronenproduzierende Reaktion Be(p,n) oder Be(d,n) im Sub-Spallationsbereich mit
Eion £100MeV zunutze machen.

Gegenstand dieser Dissertation ist die Entwicklung und Optimierung des Target-
Moderator-Reflektor-Systems der HBS. In mehrdimensionalen Parameterstudien wird
die Abhéngigkeit der erzielten Brillanz und zeitlichen Pulsstruktur der erzeugten Neutro-
nen von der Geometrie, den Materialien und den Beschleunigerparametern untersucht.
Diese Studien werden mithilfe der Monte-Carlo-Methode durchgefiihrt.

Die Simulationsstudien zeigen, dass eine Kombination aus einem kompakten ther-
mischen Moderator mit hohem Bremsvermogen ¢ ¥, wie beispielsweise PE oder Le-
ichtwasser, und einem grofivolumigen Reflektor mit niedrigem Einfangquerschnitt
Tlny) K (Tgw), zum Beispiel Beryllium oder Graphit, zu einem besonders hohen ther-
mischen Neutronenfluss im Inneren der Moderator-Reflektor-Anordnung fiihrt. Die
Neutronen kénnen unter Ausnutzung des Streamingeffektes anhand von neu entwickel-
ten Flusskanilen aus dem Zentrum des Moderators extrahiert werden, wodurch sich
die Peak-Brillanz erheblich steigern ldsst. Kalte Moderatoren sollten im Flussmaximum
im thermischen Moderator positioniert werden, wodurch auch eine Steigerung der Peak-
Brillanz kalter Neutronen erreicht wird. Bei der ingenieurstechnischen Auslegung der
Target-Moderator-Reflektor-Anordnung sollte auf eine moglichst kompakte Bauweise
aller Komponenten Wert gelegt werden.

Weiterer Teil dieser Arbeit ist die Auslegung eines Moderator-Prototypen fiir Mes-
sungen am Ausbildungsreaktor AKR-2 in Dresden, anhand dessen die oben genannten

Schlussfolgerungen verifiziert werden.
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1. Introduction

Neutrons are and will become increasingly important in the future with many applica-
tions in science, industry, nuclear medicine, and nuclear chemistry.

For applications such as scattering methods and radiography, neutrons offer some
advantageous properties when compared to X-ray radiation. While X-ray radiation
interacts with the electron cloud, neutrons interact with the atomic nuclei and are
thus also sensitive to light isotopes, especially hydrogen, as well as with the magnetic
moment of the sample atoms via their spin. Thermal neutrons can be used to analyze
the crystalline structure of solids, e.g., in diffractometry and 3-axis spectrometry. Cold
neutrons can be used to identify organic molecules by their vibrational and rotational
degrees of freedom (spin echo spectroscopy, reflectometry, and diffractometry) or to
investigate magnetic nanostructures by small-angle neutron scattering (SANS) [1, 2]. Since
neutrons carry no electric charge they deeply penetrate into matter and can be used as a
non-destructive probe for large samples [3]. Impressive examples are the radiography of
a running engine block or the investigation of archaeological finds via neutron imaging
[4]. Further important applications are the production of radionuclides [5, 6], which in
turn have a wide range of uses, the neutron activation analysis [7], which is suitable for
distinguishing individual isotopes due to the characteristic gamma radiation emitted
when capturing thermal neutrons, as well as cancer treatment with fast neutrons or the
boron-neutron-capture therapy (BNCT) with thermal neutrons [8].

As a drawback, the generation of free neutrons is very complex. The basic mechanisms
are always nuclear reactions, either (spontaneous or induced) nuclear fission, radioactive
decay or the interaction of stable nuclides with high-energy ions or electrons. The highest
source strengths and neutron fluxes are achieved at research fission reactors with the
reactor at the Institut Laue-Langevin (ILL) in Grenoble, France, being the most powerful
neutron source providing 49 different instruments. According to the thermal power of

58.3 MW the neutron source strength amounts to 5x 108 n/s [9]. The strongest research
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reactor in Germany is the FRM 2 at the Heinz Maier-Leibnitz Zentrum in Munich with
a thermal power of 20 MW offering a source strength of 1.7 x 10'¥ n/s and providing 39

experiments [10].

In 2011 the 13th amendment of the atomic energy act was passed which purports
the phase-out of nuclear power in Germany. However, not only nuclear power plants
are affected, but also German research reactors. After the upcoming decommissioning
of the Berliner Experimentier-Reaktor 2 and TRIGA in Mainz, the FRM II remains the
only powerful neutron source in Germany. Additionally, the inadequate availability of
highly enriched uranium also means that more and more research reactors are being
decommissioned throughout Europe, for example the 23 MW heavy water moderated
FRJ-2 in Jiilich, Germany, decommissioned in 2006. In the midterm a bottleneck in the
supply with radionuclides for nuclear medicine, e.g., “™Tc, as well as beam time for

neutron scattering experiments is expected.

The only way to substitute high-performance research reactors are spallation sources.
Spallation is a process which occurs when high-Z materials are bombarded with high-
energy protons (E > 100 MeV) whereby the target nuclei are highly excited and emit up
to 30 neutrons in a two-stage process. The European Spallation Source ESS, which is
under construction in Lund, Sweden, is expected to be operational in 2019 and will be

the world’s strongest spallation source with a source strength of 10¥n/s [11].

Nonetheless, high-flux sources are and will always be overbooked with overloading
factors of typically 2-3 and can supply only few experiments. The recruitment and
education of junior scientists as well as instrument development is therefore almost im-
possible at such facilities. Low-flux sources such as radionuclide sources and commercial
fusion-based neutron generators are suitable for some applications, but inapplicable for
most types of scattering experiments and radionuclide production due to the insufficient

neutron fluxes. [12]

To close the supply gap of beamtime at medium-flux sources, a network of com-
pact accelerator-driven neutron source (CANS) shall be established in Europe similar to
the Japan Collaboration on Accelerator-driven Neutron Sources (JCANS). For this aim, the
project High-Brilliance Neutron Source (HBS) was commenced by the Jiilich Center for
Neutron Science 2 / Peter Griinberg Institute 4, Forschungszentrum Jiilich, Germany,

which is intended to serve as an initiator for such a network and will operate in the sub-
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spallation regime (E <100 MeV) based on a light ion accelerator and a light metal target,
for example, by exploiting the nuclear reactions Be(p,n) or Be(d,n). These reactions are
less efficient than spallation regarding the neutron yield, being in the range of 1% per
initial ion depending on the ion energy. To counter this disadvantage the entire facility is
optimized in terms of neutron brilliance, which is a measure of how many neutrons are
actually available to the experiments. Compared to spallation sources, there are several
advantages that partially compensate for the lower efficiency. The considerably lower
accelerator power not only reduces costs for acquisition, installation, and operation, but
the layout of the target and thus also of the moderator is significantly more compact,
which benefits the brilliance. Due to the markedly lower dose rate, the instrumentation
can be installed much closer to the moderator, which increases the amount of neutrons
that can be used for experiments. Moreover, the reduction in the need for shielding leads
to further cost reduction. Because of the good scalability between 1 MeV and 100 MeV

CANS are suitable not only for larger research facilities but also for, e.g., universities.

Since CANS still represent a comparatively young type of neutron sources, the associ-
ated moderators contain a large potential for optimization. However, the experiences
gained from spallation sources with respect to the performance of the moderator can-
not be transferred to CANS because of their much higher energy and power, and the
resulting larger dose rates and higher cooling demands of the target. The completely dif-
ferent functional principle and the sheer size of research reactors also require a different

moderator design, since its main task is the maintenance of the chain reaction.

The acceleration of light ions can also be accomplished with high-intensity short-pulse
lasers which was favored at the beginning of the project HBS, since such lasers allow for
an even more compact design of the facility. However, even though the development
of such lasers has made tremendous progress in recent years, it has become clear that
until the planned commissioning of the HBS it is not ensured that the reliability of such
sources is sufficient for a regular operation since the optical components are not yet able
to withstand the high continuous loads. Thus, in the course of the project the decision

was made to rely on conventional light-ion accelerators.

In this thesis, simulation studies are presented which aim at optimizing the core com-
ponents crucial for the neutronic performance of a laser- or accelerator-driven neutron

source. The neutron flux in the moderator and the peak brilliance at the moderator sur-
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face is maximized taking into account the scope conditions dictated by the instruments
to be operated at the facility. These performance quantities are hence determined at
the entrance of the instrumentation for each neutron beamline. The simulations are
carried out using the well-established Monte Carlo code MCNP, which is capable of
adequately simulating the microscopic interactions of particles, including neutrons,
photons, protons, and electrons, with matter.

In the second chapter of this thesis the relevant physical quantities are discussed
as well as the physical and technical principles of the processes in the components
in question, beginning with the accelerator and the laser, respectively, the target, the
moderator-reflector assembly, up to the neutron instrumentation. Concluding this
chapter, the fundamentals of the simulation methods applied for this work are explained.
The third chapter covers the optimization studies on a laser-driven system. At the
extremely powerful Trident laser located at the Los Alamos National Laboratory, USA,
various promising experiments were conducted with the aim to produce neutrons. Thus,
the framework parameters of the simulations discussed in this chapter are based on
these experimental results. The fourth chapter elucidates the development of a target-
moderator-reflector assembly, which is referred to as the target station taking also the
shielding and the supporting structures into account, for a CANS facility. Some results
and conclusions from the previous work on the laser-driven facility are transferred, so
that the optimum adaptation of the neutron source to the demands of the instruments is
focused on. The simulation studies are verified at the AKR-2 (Ausbildungskernreaktor-2)
training reactor in Dresden, Germany, by means of a heavy water prototype moderator
containing a cryogenic moderator. For this purpose simulation studies are performed to
optimize the prototype assembly for usage at this low-flux reactor, as presented in the
fifth chapter.

The investigations accomplished show that the neutron output and brilliance of the
thermal and cold beamlines can be increased significantly by optimizing the target-

moderator-reflector assembly.



2. Physical & Technical Principles

All processes occurring in nature are based on interactions between elementary particles
mediated by the four fundamental forces (electromagnetic, weak, and strong interac-
tion, and gravitation). For composite particles, processes occur which can be regarded
as effective interactions. Examples are nuclear reactions of neutrons in matter, the
Bremsstrahlung emission of charged particles in the Coulomb field of atomic nuclei, or
the radioactive decay of unstable isotopes. The underlying processes are of a stochastic
nature and the probability of their occurrence is parametrized by the cross section [13,
14].

The cross section is highly specific for each reaction channel of all possible particle-
target combinations and also shows a characteristic dependence on the energy of the
incident particle. For neutrons, the cross section can be divided into three regions. At
low neutron energies, the cross section is inversely proportional to the neutron velocity,
which is why this range is also called the 1/o-range. In the case of medium energies, in
the so-called resonance region, especially heavy target nuclei show strongly pronounced
resonances. High energies represent the fast range in which the cross section gradually
decreases and approaches double the value of the geometric cross-sectional area of the
nucleus. For most other incident particles there is no strong regularity, so each reaction
channel has a very characteristic shape.

In this chapter the functionality and mechanisms of the individual components that
are relevant for CANS as well as the cross sections of the underlying processes are
discussed.

Beginning with the acceleration of the ions, recent experiments using high-intensity
lasers and suitable types of conventional particle accelerators are reviewed. The ion-
target interaction is examined in terms of the neutron producing reactions and the target
integrity which is affected by the bombardment with the high-energy ions.

The principles of neutron moderation are discussed concerning thermalization and
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the production of cold neutrons as well as the properties of common moderator materials.
The fundamental quantity for assessing the performance of a thermal or cold moderator
for most types of experiments is given by the brilliance. The brilliance measures how
many neutrons of a given energy and direction are concentrated on a spot per unit area

and is defined as B = ;5%+. Typically, the brilliance is determined in a cone with half

an apex angle 6 with respect to the direction of the beamline, i.e., the forward direction.
The corresponding solid angel is thus given as ) = 27t (1 — cos 6).

Important components of the subsequent instrumentation of the experiments are
also explained in this chapter, since their properties determine the parameters of the

moderator system to be optimized.

2.1. Acceleration of Ions

For the investigations presented in this thesis, protons and deuterons are of particular
interest. This section focuses on the mechanisms and principles for accelerating these

types of particles.

2.1.1. Laser-induced Acceleration

With the development of high-intensity ultra-short-pulsed lasers, a new efficient way of
ion acceleration has emerged.

As individual photons of such lasers have energies in the range of 1€V, it has to be
taken into account that for sufficiently high intensities the interaction of light with
matter is completely governed by the electromagnetic field rather than by single pho-
tons. Today’s most powerful lasers are capable of accelerating ions up to hundreds
of MeV [15] as described hereafter. An incident laser beam generates plasma on the
target surface. Depending on the performance of the laser and the configuration of the
experimental setup the ions and electrons of the plasma can be accelerated by three

different mechanisms that lead to different results with regard to ion flux and spectrum.

Ponderomotive Acceleration In the electromagnetic field of the laser pulse, electrons
and ions are affected by Lorentz-force. Due to the approximately Gaussian-like trans-
verse spatial intensity profile, electrons travel along the intensity gradient which is

referred to as ponderomotive force [15, 16]. The ponderomotive force leads to a charge
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separation with an extension of the size of the focal spot (typically ~10 um), so that a
strong electric potential is established which isotropically accelerates the ions away from

the focal spot.

Target Normal Sheath Acceleration For a target thickness of size of the focal spot
(~10 pm), some electrons extend past the rear surface of the target, forming an electro-
static sheath on this surface as shown in figure 2.1. The quasi-stationary ions are thus
accelerated towards the electrons according to Coulomb’s law [17-21]. It is important to
note that the Target Normal Sheath Acceleration highly depend on the mass to charge

ratio, consequently protons are preferred over all heavier ions such as deuterons [22].

Titanium foil with
proton-rich dot
Laser incidence

Accelerated
[ Protons o

o ® o
:@@ & @ —>
Blow-off % - X I-:ot glectron
clou
plasma ® >
0 e®
: | 7
® ~*
" Target-normal,
quasi-static
electric field

Figure 2.1.: Sketch of the Target Normal Sheath Acceleration (TNSA). For sufficiently thin targets
electrons are driven out of the target by the laser forming an electrostatic sheath on the target

surface which in turn accelerates the quasi-stationary ions. [23]

Breakout Afterburner For high intensities and very thin targets, the target material
becomes relativistically transparent for the laser light, so that the laser beam interacts
with the whole illuminated target volume. This regime is called Breakout Afterburner

(BOA) [24-26] and schematically depicted in figure 2.2. Due to the ponderomotive
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acceleration, electrons are driven through the target and a rear side sheath is generated.
During the laser pulse, more and more electrons are heated up to relativistic energies
so that in the case of a sufficiently thin target, the material becomes relativistically
transparent for the laser beam. In this way, the laser can accelerate the rear-side electrons
farther in beam direction, resulting in a much longer acceleration path for the ions. It
should be noted, that, in contrast to TNSA, the BOA mechanism is independent of the

charge to mass ratio [27].

a

accelerated

ions

replasma

p Ny e
iFe ® pd
i - . -]
laser ° | -]
H -] = @ L]
e °
critical D o

density

hot electrons

target

Figure 2.2.: Sketch of the Breakout Afterburner (BOA). After the TNSA phase (a) the laser breaks
through the relativistically transparent target film (b) and accelerates the rear-site electrons
further in the BOA phase (c). [28]

Recent Experiments Asan example of TNSA-based neutron production an experiment
carried out by [22] at the ATLAS laser of the Max Planck Institute of Quantum Optics in
Garching, Germany. New amplifier modules and adaptive optics were installed for the
stage ATLAS-10 of the Ti:Sapphire laser. ATLAS-10 is currently capable of delivering
700m]J, 160 fs pulses at a mean wavelength of 790 nm and 10 Hz repetition rate to the
evacuated target chamber. The power therefore amounts to 4.3 TW which is focusable
to an intensity of 2 x 10! W/cm?. The target was a CD, disk with a diameter of 5cm
and a few 100 um thickness. The lifetime of the target disks was about 6 000 shots. The
d(d,n)*He fusion reaction produced 15 000-25 000 neutrons per shot in the target, which
were measured by TOF detector arrays.

In order to further investigate the effect of proton poisoning, where the deuteron plasma
is contaminated by protons, which are accelerated predominantly due to their smaller
mass-to-charge ratio and shielding the field gradient, further experiments are carried

out by [22] at the Friedrich Schiller University in Jena. The Ti:Sapphire laser can deliver
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pulses of 80 fs and 600 m]J of energy at a repetition rate of 10 Hz. The intensity amounts
to 3 x 10 W/cm? on a spot with a FWHM (full width at half maximum) diameter
of 3um. The laser irradiated a D,O jet which was produced with a nozzle size of
10 um and a pressure of 50 bar. The jet was broken up into droplets of 20 um diameter
spaced by 80 um by a piezo ceramic element operating at 1 MHz. Behind the D,O
droplet jet an additional CD, catcher was mounted in order to increase the neutron
output by additional d-d fusion processes. Since the measured neutron spectra were
directly used to determine the ion distribution, no absolute neutron sources strength
was measured. It was found, however, that proton impurities have a high influence on
the neutron production with deuterated targets, so that pure proton-beams can even be

advantageous.

In order to investigate the scalability of the neutron yield as a function of the intensity
of the laser used, the experimental approach was transferred to a significantly more
powerful laser. At the 100 TW laser LULI (Laboratoire pour 1'Utilisation des Laser
Intense, Palaiseau, France) different target and catcher materials were investigated in
terms of neutron yield. LULI consists of a Ti:Sapphire oscillator which is chirped! and
amplified in a mixed Nd:silicate/phosphate-glass medium. With this method LULI
is capable of delivering 30] in 450 fs with a repetition rate of 8.3 x 10~*Hz, which
corresponds to one shot in 20 minutes. The experiments were carried out at an energy
of 20] per pulse to preserve the compressor gratings, thus achieving a peak intensity
of 7 x 10 W/cm?. As the target material CD, (thickness 5 mm), aluminum (30 um),
hydrated and deuterated titanium (50 um) and gold (20 um) were used. If present,
CD,, Ti:D, aerogel, or beryllium were used as catcher materials. Additionally, methods
were applied to free the back of deuterated targets from protons in order to improve
the acceleration effect for the deuterons. The best results were achieved with a gold
target and a beryllium catcher. A neutron yield of 8 x 107 n/shot was achieved by the
9Be(p,n)’B reaction. This corresponds to 5 x 10" n/J, which is two orders of magnitude

above the specific yield at ATLAS-10.

IChirped pulse amplification (CPA) is a technique for amplifying an ultrashort laser pulse up to the
PW-intensities. The laser pulse is stretched temporally and spectrally with optical gratings to decrease
the energy density prior to a second amplification. Afterwards the broad laser pulse is compressed
again. Without chirping the pulse, the amplifier medium would be destroyed by non-linear optical

effects.
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It is to be expected that the neutron yield with BOA-based ion acceleration can be
significantly increased further. Experiments were carried out by [27, 29, 30] at the Trident
laser facility of the Los Alamos National Laboratory. Since a BOA-based ion source was
conceived for the compact HBS project, these experiments are explained in detail in

section 3.1.

2.1.2. Conventional Particle Accelerators

There are many different types of conventional accelerators which are designed for
different applications according to their operating parameters (for example, particle
type, energy, current, and duty cycle). Linear accelerators are of particular interest,

which are described in more detail hereafter.

Ion Source The ion source is one of the most important components of an accelerator,
since it generates the initial beam of the machine. In many types of accelerators, the ion
source thus determines the pulse structure and the maximum particle current.

In principle ion sources consist of two main components: the plasma generator and
the extraction system. The plasma can be generated in different ways, e.g., electrical
discharges, heating, lasers, or by beams of other particles. In each and every case
the plasma must be stable for long enough to extract a beam. The extraction system
must be able to produce a beam of the correct shape and divergence to the next phase
of the accelerator by extracting the correct ions and suppressing any unwanted ions,
electrons, or neutral particles. The most important designs of sources for positive ions
are electron bombardment sources, (Duo-) Plasmatrons, microwave ion sources, and

laser ion sources. [31, 32]

RFQ The high-frequency quadrupole resonator, usually referred to as an RFQ (radio
frequency quadrupole) accelerator [33], is suitable for particle velocities of up to ~12%
of the speed of light which corresponds to an energy of 7MeV for protons. The four
electrodes of the electrical quadrupole are arranged inside a cavity resonantor sym-
metrically around the particle beam. They are shaped such that the distance from the
beam axis varies in the form of waves. As a result, the electrical alternating field of
the stationary wave receives a longitudinal component, which alternately points into

the beam direction and towards it. A continuous particle beam is thereby separated
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into particle packets during acceleration. The transverse components of the field acts
focussing on the beam. RFQ resonators are operated at frequencies up to 500 MHz. [34,

35]

Cavities & Drift Tubes In order to accelerate ions to higher energies additional stages
after the RFQ are needed. In most cases cavity resonators are suitable for this purpose.
These are cylindrical-symmetrical components in which a stationary wave of the electrical
field, usually with different modes, can form due to resonance. For this purpose, high-
frequency power is fed to the cavities, which is usually produced by klystrons. In most
cases the mode TMyg is preferred, where the accelerating electric field points along the
cylinder axis and the magnetic field lines run concentrically around the cylinder axis
[36].

By using superconducting cavities, the attenuation of the injected high-frequency
power can be significantly reduced [37] so that larger acceleration voltages per unit
distance up to 35 MV /m are possible [38]. This makes the machine considerably more
compact, which can drastically reduce construction costs. However, it must be kept
in mind that the high costs of the superconducting components can counteract these
savings again.

Extending an RFQ accelerator with an additional stage of cavities and drift tubes is
associated with a significant cost increase. However, increasing the energy within an
existing accelerator stage (e.g., by adding more cavities) leads only to a moderate cost

increase.

Pulsing Each alternating voltage accelerator can, in principle, only accelerate those
particles which reach the acceleration path at a suitable phase position of the alternating
voltage. Therefore, the particle beam is always divided into bunches, i.e., pulsed and
not continuous. This micropulse is, however, usually not referred to as pulsing in
practice. As long as the high-frequency source operates continuously and an individual
particle bunch is accelerated with each individual wave, continuous wave (cw) mode
or continuous wave operation is used. Pulsed or pulsed beams are only referred to
when the high-frequency voltage is not constantly present, but is switched on and off

repeatedly, so that macropulses are generated. [36]
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Focusing In many linear accelerator structures, the particle beam must be focused
along its path by special measures. For this purpose, quadrupole magnets and sextupole
magnets are used, partly solenoids, through which the beam travels along its axis. The
focusing elements are arranged alternately with the accelerating elements (RFQs or
cavities).

The particles inevitably cause oscillations (so-called betatron vibrations) around their
nominal path. The amplitude of these oscillations determines the diameter of the beam,
thus the width of the magnetic pole shoes and thus the overall size and construction
costs. The best focusing effect is achieved with alternating gradient focusing, also called
strong focusing. The magnetic field of quadrupole magnets acts focusing on the beam of
charged particles in the one transverse direction and defocussing in the other transverse
direction. An arrangement in which multiple quadrupole magnets are rotated by 90°
against each other, a strongly focusing net effect results. Illustratively, this corresponds
to an arrangement of collecting and scattering lenses for light, which offers a focusing

effect, too. [36]

Further Accelerator Designs In addition to linear accelerators, other types of acceler-
ators may also be suitable, for example cyclotrons and tandem accelerators.

A classical cyclotrons consists of a vacuum chamber in which two hollow electrodes
with semicircular base are embedded. The vacuum chamber is located between the
poles of a big electromagnet that creates a homogeneous and static magnetic field. The
ion source is located in the center of the device and the ions are accelerated in the
gap between the electrodes which are operated with alternating voltage. Due to the
external magnetic field the particles are affected by Lorentz force and thus follow a
spiral path whose radius increases with the particle energy. The classical cyclotron is
only suitable for non-relativistic particles, since at relativistic velocities the particle’s
circulation period does not match the frequency of the accelerating voltage any more.
By using an inhomogeneous magnetic field this mismatch can be balanced, so that final
energies of 800 MeV can be achieved with protons. This inhomogeneous magnetic field
acts defocusing on the particle bunches which is why additional focusing magnets have
to be installed. These systems are called isochronous cyclotrons [36]. However, the
maximum beam current is limited to a few hundred pA.

Tandem accelerators belong to the class of electrostatic accelerators and represent a
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further development of the Van-de-Graaff accelerators. The accelerating high voltage
is generated by a Van-de-Graaff generator and can be as high as several MV, which is
applied to the accelerator electrode, the terminal. The magnitude of the voltage is limited
by the dielectric strength of the surrounding medium. For that reason the Van-de-Graaff
generator and the ion beam tube are located inside a pressure vessel filled with an inert
gas, e.g., nitrogen, carbon dioxide or sulfur hexafluoride SF¢. At Tandem accelerators
the terminal is equipped with a stripping foil which removes the electrons from the
previously negatively charged ions. Hence, the accelerating voltage can be applied again
to the now positively charged ions. Final energies of up to 50 MeV are possible [39].
Here again, the maximum beam current is limited to a few hundred pA [40], so they are

suitable for compact neutron sources such as the HBS prototype.

2.2. Ion-Target Interaction

In this section, the possible interaction mechanisms of the ions with the target nuclei
are elucidated. In addition to the neutron-producing reactions relevant for CANS and
the HBS in particular, these include competing processes, macroscopic effects that can

affect the integrity of the target, and radiological aspects.

2.2.1. Neutron Producing Reactions

[14] The reaction channels relevant for the generation of neutrons in CANS and laser-
based neutron sources are explained in detail in this section. The neutron yield for
different ion-target combinations can be estimated by considering the cross section o(, )
for the specific reaction channel A(a, n)B. For infinitesimal thin targets, consisting of a

one-atomic layer, the neutron yield(rate) can be expressed as
Y=Ny=0unNeL 2.1)

where N& describes the particle surface density of the target layer and I, the incident
particle current.

In order to maximize the neutron production rate N, thick targets are considered in
which the incident particle beam is completely stopped. Therefore, it has to be taken

into account that the reaction A(a, n)B occurs in the whole energy range [E,, 0] since
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the incident particles undergo energy loss due to ionization which is not involved in

equation 2.1. For thick targets the yield is given as

0

U(a,n)(E>
dE
e g B

Y = N I, dE ,

whereby — % denotes the specific stopping power due to ionization and N{} the particle
density. If multiple reaction channelsi = 1, ..., n contribute to neutron production with
v; neutrons each, e.g., V(p2n) = 2, the neutron yield reads
0

O—(Ia,nX) (E )

dE
E " qe )

n
Y=NgIL Y v x
i=1

dE . (22)

Since many reaction channels are opened at energies in the MeV range, in which
partially charged reaction products are produced, which in turn can produce neutrons,
the evaluation of the integral in equation 2.2 is not trivial. With the aid of Monte
Carlo simulations, the yield can be precisely calculated using the databases for the
possible reaction channels. In the following sections the neutron producing reaction
channels for protons and deuterons and beryllium or lithium as target material as well

as photonuclear neutron production in 28U are discussed.

Compound Nuclear Reactions In compound nuclear reactions projectile and target
nuclei combine to an intermediate nucleus that is in a highly excited state due to the gain
in binding energy. After a typical lifetime between 107! s and 10~ '° s the intermediate
nucleus returns into the ground state by emission of secondary particles. The decay
of the intermediate nucleus is completely independent of the nature of its formation.
Compound nuclear reactions particularly occur at projectile energies which are clearly
below the binding energy of a nucleon in the target nucleus. [41, 42]

Reactions such as the induced nuclear fission, the evaporation phase of a spallation
reaction and particle capture with gamma emission can also be understood as compound
nuclear reactions. The deuterium-tritium fusion reaction used in neutron generators
and fusion reactors also proceeds via a °He intermediate core state.

In most CANS beryllium or lithium are used as target materials which are usually

impinged with protons or deuterons. Exemplarily, the cross sections for the most relevant
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reaction channels with protons impinging on beryllium and lithium and neutrons in the

final state are shown in figure 2.3. The reaction channels, shown as colored curves, differ
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(a) Beryllium as target material.
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(b) Lithium as target material.

Figure 2.3.: Energy-dependent cross sections of neutron producing reactions with protons as

projectiles. Data taken from the TENDL-2015 library [43], see section 2.5.4.
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in the final state, i.e., the type and number of secondary particles emitted during the
reaction. Each reaction channel exhibits a specific threshold energy which essentially
depends on the binding energy of the secondary particles in the nucleus. The more
secondary particles appear in the final state, the higher is the threshold energy of
the corresponding reaction channel. The black curve in the diagrams represents the
weighted sum of the cross sections of all possible reaction channels with neutrons in
the final state. This cross section is particularly interesting when the neutron yield is
to be estimated. However, it must be kept in mind that competing processes lead to
distortion. For example, the primary ions lose a significant amount of their energy due
to ionization in the material before one of the neutron-producing reactions can take
place. Furthermore, e.g., beryllium has a particularly high (n,2n) cross section so that

the neutron yield is increased.

Direct Nuclear Reactions Direct nuclear reactions take place without the formation of
a highly excited compound nucleus. Examples for direct nuclear reactions are inelastic
scattering, in which kinetic energy of the projectiles is converted into excitation energy
of the target nucleus, the first phase of a spallation reaction, where the target nucleus
is shattered into several fragments, and knock-out reactions in which the projectile
knocks out one or more nucleons from the target nucleus without formation of an
intermediate nucleus. Charged particles can also interact with the Coulomb field of
the target nucleus. The time scale of such reactions is significantly shorter than that
of compound nuclear reactions and corresponds to the flight time of the the projectile

along the nucleus’” diameter. A typical value is 1 x 10~22

s for fast projectiles with an
energy O(1MeV). Secondary particles produced in direct nuclear reactions are usually
strongly forward-directed due to the low energy and momentum transfer. [14, 41, 42]
Considering deuterons impinging on beryllium nuclei several direct nuclear reactions
are possible relevant to neutron production. In a Be(d,n) stripping reaction, the proton of
the deuteron is transferred to the beryllium nucleus so that the remaining neutron can
propagate almost unimpeded. In addition, it is possible that the deuteron decays into its
constituents in the coulomb field of the beryllium nucleus, so that neutron and proton
propagate separately from each other. This Be(d,pn) reaction is called break-up. Because

of these additional reaction modes, the cross section of neutron production, cf. figure

2.4, is significantly larger for deuterons on beryllium than for protons. By comparing to
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the proton cross sections in figure 2.3a it is evident that the stripping reaction results in
an increased (d,n) and (d,2n) cross section and the breakup reaction leads to a markedly

increased (d,n+p) cross section.
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Figure 2.4.: Energy-dependent cross sections of neutron producing reactions for deuterons

impinging on beryllium. Data taken from the TENDL-2015 library, see section 2.5.4.

Photonuclear Reactions Gamma radiation of sufficiently high energy can interact with
nuclei which are called photonuclear reactions. There are different reaction channels,
including the emission of neutrons or fission. Such gamma radiation can be produced
as bremsstrahlung by bombarding high-Z materials with high-energy electrons.

The corresponding cross section for 23U is shown as a red curve in figure 2.5a. The
emission of bremsstrahlung is the predominant effect for light, charged high-energy
particles when interacting with matter. Accordingly, the underlying cross section is
comparatively high. However, below an energy of approx. 10 MeV the main mechanism
for energy loss is ionization [44]. The blue curve in figure 2.5a shows the spectrum of the
bremsstrahlung photons generated by 50 MeV electrons in 23®U. The spectrum exhibits a
continuous component which behaves like E — E? according to Kramer’s law [46]. In the
X-ray region (E, <500 keV), the X-ray continuum is proportional to E and superimposed

by various effects. These include, in particular, the discrete characteristic radiation which
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(a) Cross section for bremsstrahlung emission of electrons in 23U taken from
the ENDF/B-VIL1 data library [45] (red curve and left scale) and spectrum of
bremsstrahlung photons produced by 50 MeV electrons calculated with MCNP6.1.1b

(blue curve and right scale).
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(b) Photonuclear cross sections for 238U taken from the ENDF/B-VIL1 data library.

Figure 2.5.: Cross sections and spectra relevant to photonuclear neutron production with elec-

trons impinging on 238U.
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arises due to transitions between the energy levels of the inner electron shells, as well as
its absorption bands. In the high-energy range, the spectrum follows a continuous — E?
curve. The maximum energy of the bremsstrahlung photons corresponds to the kinetic
energy of the incident electrons, in this example 50 MeV.

The cross sections of photonuclear reactions in 2°U are shown in figure 2.5b. For
photon energies below 8 MeV, a selective excitation of individual nuclear energy levels
takes place, which leads to small and narrow resonances. Between 8 MeV and 20 MeV
giant dipole resonances [47] occur, in which all nucleons are excited to coherent single-
particle single-hole transitions. The nucleus is de-excited by the emission of gamma
radiation and / or evaporation of nucleons. The emission of protons is suppressed for
heavy nuclides which is why 28U exhibits high (y,n) and (y,2n) cross sections. [48]

Uranium-238 is a reasonable target material for neutron sources based on electron
accelerators due to the high bremsstrahlung production and the occurrence of neutron-
producing giant resonances. However, other heavy elements such as tungsten or tanta-

lum are also feasible.

2.2.2. Integrity of the Target

Despite neutron production, many other microscopic processes occur in the target due
to the bombardment of high energy ions. These microscopic processes can have a
significant effect on the macroscopic characteristics of the materials used and therefore
must not be neglected in the design of the target. In some configurations, the target is
also intended to serve as the end window of the accelerator vacuum, as a result of which
the requirements for the target material once again increase considerably. In this section
solid targets are considered. But for liquid targets, the same questions arise for the wall

material and additional issues concerning the fluid dynamics of the liquid target jet.

Hydrogen Embrittlement Apart from the pure thermal load of the target, an addi-
tional problem arises from the bombardment with protons or deuterons. Because the
ions in the material can be stopped, they can recombine with electrons, so that hydro-
gen is generated. If the hydrogen can not diffuse fast enough to the surface, bubbles
can form which make the target increasingly brittle until material failure occurs. This

phenomenon is referred to as hydrogen embrittlement or blistering.
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Beryllium as a common target material is strongly affected by this phenomenon. A
common practice against this problem is the use of a backing plate of a material which
has favorable properties with respect to the deposition and diffusion of hydrogen. In
this approach the fact is utilized that the stopping power for protons and heavier ions
leads to the characteristic Bragg curve [44], which indicates that most of the incident
ions are deposited at the maximum penetration depth (i.e., the Bragg peak) in the mate-
rial. For the Riken Accelerator-Driven Neutron Source (RANS) at Riken University, Japan
[49], a PE-moderated neutron source driven by a 7 MeV proton linac with a maximum
current of 100 pA, a target was developed and patented [50, 51] at which the irradiated
beryllium layer is bonded on a backing plate of vanadium which offers a reasonable heat
conductivity and resistance to hydrogen embrittlement. The beryllium layer thickness
is chosen so that the proton’s Bragg peak is located in the backing plate. This approach
is also adopted at the Low Energy Neutron Source (LENS) at the Indiana University, USA
[52], the iBNCT project at the University of Tsukuba, Japan [53], and will also be used
for the design of the HBS target.

Table 2.1 lists the most important parameters for tantalum, niobium, vanadium, palla-
dium, copper, and beryllium [54]. Beryllium is also considered to show the differences
to a bulk target without backing plate. In order to minimize the impact on the neutron
yield, the material should have a small absorption cross section, which is listed in the
first column. In the second column the hydrogen diffusion coefficient D evaluated at
200 °C is shown. A high diffusion coefficient ensures that the hydrogen can travel to
the surface of the target assembly without forming bubbles. Accordingly, vanadium
is an optimum candidate with D = 10~*cm?/s. Beryllium exhibits a coefficient of
D = 5x10"8 cm? /s, which is why it tends to blistering. Another important parameter
in the assessment of hydrogen diffusion is the enthalpy of solution AH, which describes
the energy release when a hydrogen atom is absorbed (the absorption of a hydrogen
molecule is twice as high). Since the energy stems from the crystal lattice of the metal,
endothermic absorption reactions (AH < 0) are much more probable than exothermic

(AH > 0). In this light niobium is the best candidate while copper is ruled out. [55, 56]

Heating & Thermal Stress As a conservative assumption, the case should be consid-
ered that the entire accelerator power is deposited in the target. Dissipation by secondary

particles (e.g., neutrons and gammas) can be neglected since the dominant mechanism

-20 -



Institute NET, RWTH Aachen 2.2. Ion-Target Interaction

agg,e;gnal D (T =200°C) AH ® K )

[b] [1076cm?/s]  [eV/H-atom] [°C] [W/mK] [107¢ /K]
Ta 20.00 15 0.30 2996 57 6.5
Nb 2.15 30 0.35 2468 54 7.1
\Y% 5.08 100 0.25 1890 31 8.3
Pd 6.90 10 0.10 1552 72 11.0
Cu 3.78 1 -0.45 1093 400 16.8
Be <0.01 0.05 [57] 1278 190 12.3

Table 2.1.: Parameters relevant for the selection of appropriate backing plate materials for the
target assembly with respect to the mitigation of hydrogen embrittlement and thermal stress.
Values of the hydrogen diffusion coefficient D are taken from [56] and the values for the enthalpy
of solution AH from [56] if not stated otherwise. The melting point is denoted by ©®, the thermal

conductivity by «, and the linear thermal expansion coefficient by «;.

for energy loss of the ions in the target is ionization [44].

Due to the high performance of the accelerator, surface power densities in the range
1kW/cm? and above can be reached. Thus, while designing the cooling system, care
must be taken not to exceed the melting point of the target material, see table 2.1, but
also to keep the thermal stresses within the tolerable range over the full depth of the
active target layer up to the cooling channels.

Ansys simulations conducted by [58] for beryllium target assemblies with a vanadium
backing plate show that for accelerator powers of 5, 10, 20, 30, and 50 kW the target tem-
peratures are far below the melting point. In figure 2.6b the simulated one-dimensional
temperature distribution in a generic target assembly is shown for the aforementioned
accelerator powers and an energy of 50 MeV. According to the geometry depicted in
figure 2.6a the vanadium backing extends from -10 mm to 0 mm with a cooling channel
diameter between -6 mm and -1 mm. The beryllium layer begins at 0 mm. Due to the
lower penetration depth of heavy ions, the thickness of the beryllium layer in the case
of deuterons amounts to 7mm and in the case of protons 14 mm. The temperatures
at the bombarded surface for 5 kW protons are 103 °C and for deuterons 98 °C. As the
accelerator performance increases, the difference between the maximum temperatures

of protons and deuterons significantly increases due to the spatial distance of the bom-
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barded surface from the cooling channel. Thus, at 50 kW, the maximum temperature

for protons is 985 °C and for deuterons 848 °C. The temperature slowly decreases up
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(a) Left side: geometry of the target assembly, right: selection of a cut through the grids used for the

finite-element-method.
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(b) Calculation results for protons and deuterons at different accelerator powers.

Figure 2.6.: Ansys geometry and calculation results of the one-dimensional temperature dis-
tribution in a generic beryllium target assembly with a vanadium backing plate and a cooling
channel bombarded with protons or deuterons at different accelerator powers. The vanadium
backing extends from -10 mm to 0 mm with a cooling channel diameter between -6 mm and

-1 mm. The beryllium layer begins at 0 mm. Data is taken from [58].

—-22—



Institute NET, RWTH Aachen 2.2. Ion-Target Interaction

to the interface, then decreases rapidly in the vanadium to a minimum of 22 °C in the
coolant. This steep temperature gradient can cause high stresses, which can even lead
to material failure.

In the case of targets with backing plate, the different coefficients of thermal expansion
of the materials must also be taken into account, see table 2.1. For strongly different
coefficients of expansion an insulating gap forms, which prevents heat dissipation from
beryllium, if the materials are not bonded. For bonded target layers different expansion
coefficients will lead to high stresses at the interface. For a pulsed operation with low
duty cycles, it must also be taken into account that significant periodic temperature

fluctuations occur, which impair the material integrity in the long term.

DPA Production An important parameter for assessing the integrity of irradiated
crystalline and mineral components, especially metals, is the number of displacements
per atom (DPA). This quantity describes how many atoms have been displaced from
their initial position in the crystal lattice due to interactions with high energy particles,
e.g., neutrons, ions, electrons and photons, normalized to the total number of atoms.
Due to the thermal motion of the atoms, it is possible that lattice defects can disappear
by recombination processes which is called annealing. The annealing rate increases with
the temperature of the material. Typical maximum values, up to which components can
still be regarded intact, are in the single- or double-digit DPA range, depending on the
material and its intended purpose [59, 60].

The number of displacements can be derived from the NRT model [61] which provides
an empirical correlation between the total number of displacements Nnrt and the total

energy E, of the Primary Knock-on Atom (PKA)?:

E, [MeV]
= 0. /] 2.
Nngrr = 0.8 x 2E V] (2.3)

where Ej denotes the average threshold displacement energy for the PKA in the material
which amounts to 31 eV for beryllium [62]. The value of E, is calculated by MCNP for
each history.

2 A Primary Knock-on Atom is an atom that is the first atom that is displaced from its lattice position
by irradiation. With sufficient energy, the PKA can induce subsequent displacements of other atoms

resulting in a damage cascade.
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2.2.3. Activation of the Target

Stable nuclides can be transmuted into radioactive nuclides by bombardment with, e.g.,
neutrons or ions. Depending on the type of the incident particles and the irradiated
nuclides, different reaction channels exist which lead to different products. In nuclear
facilities activation is basically a result of the intense neutron fluxes. For the target of
an accelerator-driven neutron source, however, the main source for activation is the
irradiation with the high-energy primary ions, whereby the most important reaction
channel for beryllium-targets is 9]3e(p,3H)7Be, in which tritium and “Be are produced.
This reaction has a threshold energy of 13.4MeV [63]. Another reaction channel is
Be(n,3n)’Be with a rather high threshold energy of 25 MeV [43] and is established by
the high-energy neutrons produced in the target.

In [64], the production of tritium and “Be in a beryllium target was calculated for
a 50 MeV proton beam with a mean current of 2.25mA. The time dependence of the
activity after 2000 h of irradiation can be seen in figure 2.7. It is evident that the short
term activity is governed by 7Be, whereas tritium dominates after approximately 8
months (2 x 107 s). Contributions from activated impurities in the beryllium target can
be neglected. Since no information on total mass of the irradiated material is available,
a comparison with the clearance levels of the German Radiation Protection Ordinance
(StrlSchV) is not possible. It can, however, be noted that the exemption values for tritium
(10° Bq) and “Be (107 Bq) are clearly exceeded, so that the irradiated target is subject to

surveillance according to the German Atomic Energy Act.

2.3. Neutron Moderation

Most neutron scattering experiments require thermal or cold neutrons. For the produc-
tion of neutrons, however, mostly high-energy primary particles are used to achieve a
high neutron yield. For kinematic reasons, the maximum energy of the spectrum of the
generated neutrons is always as high as the maximum energy of the primary particles,
even if the production of such neutrons is strongly suppressed. However, the spectrum
is very hard compared to thermal or even cold neutrons, which is why they have to be
moderated. The neutrons transfer energy to the nuclei of the moderator until they are

in thermal equilibrium with the material. The prevailing energy distribution can be
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Figure 2.7.: Total and specific activity of ®He, “Be, and *H in the beryllium target after 2000 h of
irradiation with a 50 MeV, 2.25mA proton beam. [64]

described by a Maxwell-Boltzmann distribution

®(E) =

__WE < E) 2.4)

ex —
\/ ﬂk% Trs;lod kB Tmod

under negligence of energy-dependent absorption processes. The most probable energy
of the neutrons corresponds to the ambient temperature Ty,o4. Since there is always a
weak absorption, which, according to the 1/v-law preferably concerns neutrons of the
lowest energy, the effective temperature of the so-called neutron gas is slightly higher
than the temperature of the moderator. In the following sections the basic principles
of moderation and relevant parameters for typical thermal and cold moderators are

examined.

2.3.1. Thermalization

The neutrons are decelerated mainly by elastic scattering with the moderator nuclei.

The energy transfer AE of a neutron to a moderator nucleus can be calculated using the
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classical collision kinematics and yields

AE:E—E/:EMZJrAl)Z(l—cose) ) (2.5)

where E and E’ denote the initial and final neutron energy, respectively, A the mass
number of the target nucleus and 6 the scattering angle in the center-of-momentum
frame. For the central impact (cos 0 = 1) the energy transfer is therefore at maximum.
However, a large number of collisions have to be averaged so that the average cosine of
the scattering angle must be considered, which can be expressed by transformation into

the laboratory system 8 as

_ +1
cos9:1/ Acosbt1 dc:osG:i . (2.6)
2/ VA2 +2A cosf+1 3A

When substituting cos 6 — cos 0 it is evident from equations 2.5 and 2.6 that the energy
transfer to light nuclides is maximal. [65]

In order to estimate the quality of thermal and cold moderators, not only the magni-
tude of the energy loss per collision but also the collision probability must be considered.
Hence, the product of the mean logarithmic energy decrement, which is a measure of
the mean energy loss per collision but at the same time is independent of the incident
neutron energy and therefore a material constant, and the macroscopic elastic scattering
cross section are considered as the slowing-down power ¢ %;. Since a high absorption
cross section X, has a negative impact on the performance of a moderator, the modera-
tion ratio ¢ % should also be considered. The cross sections for elastic scattering and
radiative capture for light and heavy water, beryllium, and natural carbon are depicted
in figure A.1 in the appendix.

For these thermal moderators, the values of the moderator performance parameters
are listed in table 2.2. Since the cross sections are energy-dependent, the slowing-down
power and the moderating ratio are given for thermal neutron energies. Additionally,
the time f,,0q needed for a 2 MeV? neutron to be thermalized and the mean number
of collisions during that time is indicated. Regarding parasitic reactions, basically
absorption, the diffusion length L of thermalized neutrons, the associated diffusion time
taife to thermalized neutrons, and the number 7i4;¢ of collisions during this time is also

listed.

3This is the mean energy of neutrons produced in nuclear fission of 2%°U.
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x _ _
¢ C5 fmod flmod L aift At

[cm™] [ps] [cm] [s]

H,O 1.36 62 10 20 27 21x107* 117
D,O 0.18 5000 46 27 170.0 1.5x107' 16042
Be 0.16 145 67 86 21.0 4.3x1073 806
C 0.06 165 150 114 540 1.2x1072 1056

Table 2.2.: Relevant parameters for estimating the performance of typical moderator materials.

The slowing-down power § X, and the moderating ratio ¢ g o are evaluated for thermal neutrons

(E = 25.3 meV). The moderating time t,,,q and the mean number 7i,o4 of collisions needed for
thermalization are related to an initial energy of E = 2MeV. The diffusion time t4;¢ and the

mean number 7 4;¢ of collisions during diffusion are given for thermal neutrons. [65]

Some qualitative statements about the performance of the moderators can already
be made by means of these values. As can be seen from equation 2.5, hydrogen-based
moderators exhibit an excellent slowing-down power. Therefore, only few collisions are
necessary for the moderation of a 2MeV neutron. Due to the relatively large absorption
cross section, however, the moderating ratio is small, which is why the diffusion time of
thermal neutrons is very short. Heavy water offers a significantly lower slowing-down
power but a very high moderating ratio due to the very low absorption cross section, cf.
figure A.1in the appendix. Beryllium has a similar slowing-down power as heavy water
but also a higher absorption cross section which is why the moderating ratio is only
slightly better than for water. Graphite has a similar moderating ratio as beryllium, since
the slowing-down power and the absorption cross sections are significantly smaller.

On the basis of these statements it can be assumed that heavy water, beryllium and
graphite are more suitable for large volume moderators, such as in nuclear reactors, or

as reflectors. Compact moderators, on the other hand, are based on hydrogen.

2.3.2. Production of Cold Neutrons

Physical Principles As indicated by equation 2.4, cryogenic moderators are necessary
to produce cold neutrons. Since cryogenic moderators usually occur as liquids or solids,

further effects must be taken into account in addition to the elastic scattering of individual
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particles. These effects occur due to the de Broglie wavelength of low-energy neutrons
being in the same range as the atomic bonds in the molecules or crystal lattices. In order
to physically describe these phenomenons the scattering cross section is decomposed
into a coherent part and an incoherent part as ¢ = 0o + Cinc. Coherent scattering takes
into account interference effects of the scattered neutrons and is therefore of particular
importance for crystalline solids like graphite or beryllium, whereas incoherent scattering
describes non-interfering final states, being of importance for hydrogenous solids like
polyethylene or solid methane. The coherent and incoherent cross section are further
decomposed into elastic and inelastic parts. The elastic scattering takes place with the
entire crystal lattice. Due to the very high effective mass of the lattice compared to the
neutron the energy transfer is negligible. Inelastic scattering results in an energy loss
for the neutron with an excitation of the target which may correspond to the production
of phonons in crystalline materials, the excitation of rotational or vibrational degrees of
freedom in molecules, or molecular recoil motions in liquids.

The cross section for low-energy neutrons in gases, liquids and solids can be written
as [66]

o Ofree EI —B/2 .

o= ZkBT“ £e S(a,B) ,with (2.7)
E'+E—-2uvVEE

o= and

AkgT

E'—E

p= ,
kg T

which encompasses a scattering function S(«, 8), where « and f describe the momentum
and energy transfer, respectively, g the free scattering cross section of the material
composition neglecting lattice and molecular effects, i the cosine of the scattering angle,
and A the ratio of the scatterer mass to the neutron mass.

The scattering function has a specific shape depending on the material and the reaction.
For inelastic processes, for example, a series expansion according to phonon modes is
performed as given in equation A.3 in the appendix. Rotational and vibrational modes,
on the other hand, are treated as discrete oscillators, with a diffusion term additionally
being introduced for liquids, see equation A.2. Incoherent elastic scattering, as given by
equation A.4, is important for hydrogenous solids and results essentially from the zero-
th phonon-mode of the phonon expansion for inelastic processes and thus has no energy

transfer but a finite interaction probability. In the case of coherent elastic scattering in
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crystalline solids, given by equation A.5, an expansion according to Bragg edges and
associated crystallographic structural factors is carried out. The series expansions of
S(w, B) is an approximation which assumes that the spins of the target material particles
are distributed randomly. As this is not true for materials containing molecules of
hydrogen or deuterium, an explicit quantum-mechanical formula is required. [67, 68]
The scattering cross sections containing S(a, B) corrections for common cryogenic

moderator substances are depicted in figure A.2 in the appendix.

Cold Moderator Properties Ideally cold moderators are fed with thermal neutrons to
increase the effectiveness due to a compact design. The conclusions made in section 2.3.1
can be transferred to cryogenic moderators, which is evident when considering the cross
sections (A.1) in the thermal and cold energy range. However, at temperatures around
20K pure hydrogen or deuterium, organic compounds such as methane or aromatic
compounds such as mesitylene or xylene are used.

According to the experiences made by, e.g., [69], [70], and [71], solid methane offers
an excellent yield of cold neutrons. However, it has a poor radiation resistance due to its
crystalline structure [72, 73]. As a result of the irradiation, lattice defects are induced,
which represent an energetically higher state. These lattice defects can recombine
exothermically initiated by thermal energy input, which is called annealing. If the stored
lattice energy is sufficiently high, even a small heat input due to irradiation with neutrons
can trigger an avalanche-like annealing, so that abruptly a large amount of heat is
produced that can destroy the moderator and other components. This phenomenon is
well known from nuclear graphite in reactor technology under the term Wigner energy.
In order to prevent spontaneous and sudden annealing, methane moderators must be
heated and re-frozen at regular intervals.

Studies on aromatic compounds have shown that similar cold neutron yields can be
achieved as with methane, while mesitylene, xylene or toluene are much more resistant
to radiation than methane. With those compounds, the advantages of solid cryogenic
moderators can be exploited without having to frequently carry out manual annealing.
[74, 75]

However, pure hydrogen moderators are still of great relevance since in recent years
interesting properties have been discovered which can be exploited in order to signif-

icantly increase the brilliance of cold neutrons. The H, molecule is subdivided into
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ortho- and para-states according the two possible triplet and singlet nuclear spin states.
In figure 2.8a the total scattering cross sections of both hydrogen spin configurations are
depicted. The drop of the parahydrogen’s scattering cross section below 0.05€V is due
to intermolecular interference whereas the drop at 0.003 eV results from spin coherence
scattering. These effects are frozen below the corresponding energies in contrast to
orthohydrogen. Thus, the shape of the parahydrogen scattering cross section implies
that the mean free path L; = 1 cm of thermal neutrons is much shorter than the mean

free path L. = 11 cm of cold neutrons [76].
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(a) Para- and orthohydrogen scattering cross sec- (b) Total cross section (triangles) of hydrogen and
tions at 20K and the absorption cross section from parahydrogen scattering cross section (squares)
ENDEF/B-VIL. [77] measured by [78] at 15.6 K. The upper error bar on
the parahydrogen cross section is an estimated sys-
tematic error and the lower error bar is given by the

upper limit on the orthohydrogen contamination.

Figure 2.8.: Ortho- and parahydrogen cross sections. Recent measurements indicate a inconsis-
tency in the ENDF/B-VIIL.1 data for parahydrogen. It appears that the parahydrogen represented

by this dataset is contaminated with a small amount of orthohydrogen. [78]

The thermal neutrons entering the cold moderator from the thermal moderator are
scattered down into the cold energy region after few collisions. Due to the larger mean
free path, the cold neutrons can leave the moderator without further collisions. The
density of the cold neutrons is therefore higher within a layer with thickness about L
near the moderator wall. Consequently, the optimum shape is close to a tube of length L.
and radius L; inserted into the thermal moderator. Thus, the cold moderator is fed from
all sides and cold neutrons which do not leave the parahydrogen in forward direction

can be scattered back by the surrounding thermal moderator. A large increase in cold
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neutron brilliance is reported by [79, 80] by exploiting the properties of low-dimensional
parahydrogen moderators.

However, recent measurements on the scattering cross section of parahydrogen con-
ducted by [78] indicate that the cross section data from ENDF is inconsistent in a sense
that the underlying parahydrogen was contaminated with a small amount of orthohy-
drogen shifting the scattering cross section to higher values significantly. This becomes
evident by comparing the blue curves of the figures 2.8a and 2.8b. The large lower error
bars of the remeasured scattering cross section, which stem from the upper limit on the
uncertainty of a possible orthohydrogen contamination, indicate that L. could be even

longer for 100% pure parahydrogen.

2.4. Neutron Instrumentation

Components of the instrumentation, the experimental setup behind the moderator,
which are relevant for designing and optimizing (for example with respect to pulse

structure and brilliance) the moderator system of the HBS, are described in this section.

Neutron Guides [12, 81] After moderation the angular distribution of the neutrons is
almost isotropic. Hence, the flux at the experiment behaves like 72 with the distance of
the experiment to the moderator. Neutron guides can be used to increase the flux at the
experiment by transporting the neutrons from the moderator with a larger divergence
and focus them on the sample. This can be understood by considering the wave-particle
duality which implies that neutrons can be described as particle waves and thus follow
the same laws for refraction and reflection as electromagnetic waves. A neutron guide
consists of four neutron mirrors forming a tube along the flight path of the neutrons. The
lower index of refraction, n; < ny, of the neutron mirror material compared to vacuum
gives rise to a critical angle of total reflection 6.t which can be derived by assuming an

effective interaction potential referred to as the Fermi Pseudopotential [82]

S 2mh? . 2mh?
V(F) =)= = be8(F—7i) & = —bepn (2.8)

which results from treating the incident neutrons as particle waves and applying a
partial wave decomposition for the time-dependent Schrodinger equation. Hereby pn

describes the particle density and b. the coherent scattering length. The critical angle of
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refraction is derived by demanding the neutrons kinetic energy E | of the perpendicular
component of the wave number k| to be lower as the interaction potential from equation

2.8:

p K2R sin®f
YT 2m T mA?

= Ocrit ~ SiNOerit = A \/@ y (2.9)

whereby the critical angle is measured tangentially to the surface and implies that all

neutrons hitting the mirror at an angle < 6 are totally reflected and transported by the
neutron guide. The largest critical angle is achieved with nickel and can be approximated
by 6Ni /A = 0.1° /A.

By using alternating layers of materials with different indices of refraction like Ni
and Ti or pure isotopes of *Ni and ®*Ni and decreasing thickness, critical angles of a
few degree for cold and < 1° even for thermal neutrons are possible. Such systems are
called supermirrors and typically consist of several hundred layers. The critical angle

mirror __ m - GNi

for a supermirror is given as 07; it

according to equation 2.9.
On the basis of these considerations, it is clear that during the development of the
moderator system particular attention should be payed to maximize the brilliance at the

moderator surface or the neutron entry point in the instrumentation, respectively.

Choppers & Energy Selectors [12] For time-of-flight measurements a determination
of the energy is only possible if the source of the neutrons is pulsed. In the case of
continuous sources or pulsed sources whose duty cycle and pulse lengths are not
suitable for the experiment, choppers are used which divide the flux of neutrons into
the correct pulse structure.

This is a rotating disk made of absorbing material which is equipped with transparent
windows or openings. By using two choppers arranged one behind the other, an energy
range of the neutrons can be selected by adjusting the rate of rotation and the distance.
The same effect can also be obtained when the chopper is designed as a thick, rotating
wheel, in whose lateral surface helical grooves are implemented. Only the neutrons
with a speed adapted to the speed of the chopper can pass through the groove without
being absorbed by the chopper material. These choppers are called velocity selectors and

provide a relatively narrow band of neutron energies.
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Since the use of choppers for the correction of the pulse structure always reduces the
neutron flux at the sample, during the design of the neutron source it should be taken
into account which pulse structures and repetition rates are useful for the experiments.
For increasing pulse length the number of neutrons lost due to pulse shaping is also
increasing. For high repetition rates the faster neutrons of the selected energy range
can overlap at the detector with the slower neutrons of a preceding pulse. This effect is
called frame overlap and requires further pulse shaping reducing the amount of usable
neutrons.

A further possibility to select the energy of a broadband neutron signal are mono-
chromator crystals, for example pyrolytic graphite. The neutrons are scattered at the

crystal lattice planes of such a crystal in accordance with the Bragg condition
nA=2dsinf |,

where # is a natural number and denotes the order of refraction, A the neutron wave-
length, d the distance of the lattice planes and 6 the scattering angle with respect to the
lattice plane normal. Accordingly, the energy of neutrons directed to the sample can be
adjusted by selecting the orientation of the crystal with respect to the incident neutrons

and the subsequent measurement setup.

2.5. Particle Transport & the Monte Carlo Method

For the simulation of particle transport problems different methods of calculations exist
which can be divided into deterministic and stochastic methods. One of the former is
the discrete ordinate method, in which the phase space of the problem is divided into a
discrete mesh. The equation of state, which describes the dynamics of the system and
generally represents a non-analytic (integro-) differential equation, is solved numerically
for each node of the mesh, whereby the boundary conditions are determined by the
(finite number of) adjacent nodes. In the case of particle transport problems, this is
the Boltzmann equation in the six-dimensional phase space, spanned by the momentum-
vector p and spatial coordinates 7 of the particles, which reads

9 1, = = = L Of
<m+mp-V7+F-Vﬁ> f(7,0,t) = 3

collision
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where f(7,7,t) describes the state of a particle, [ external forces and %\Comsmn the
collision term describing the effect of collisions between the particles. The Boltzmann
equation originates from the kinetic theory of gases and can also be applied to neutron
transport problems [65]. In deterministic simulations, all information describing the
phase space is supplied with the previously defined resolution.

In contrast, the state equations of a system are not solved directly by the Monte Carlo
method. Instead, the state function is approximated by calculating many individual
histories of particles and subsequent averaging. A large number of histories is often
required in order to sample the relevant areas of the phase space with sufficient statistical
precision. Thereby only some parameters of their average behavior (for example flux or
derived quantities like dose rate) are recorded by the definition of tallies, which can be
considered as two- or three-dimensional detector regions in the phase space. [83]

The events of a history, for example, elastic scattering or fission, are stochastic pro-
cesses whose input parameters (e.g., the branching ratio and the partial cross sections)
and output parameters (energy and direction of the scattering products) are given by
probability distribution functions. These distribution functions must be known for the
simulation, typically in the form of nuclear databases. Using a pseudorandom number
generator?, the parameters of each event are randomly set according to the underlying
distribution functions. For a sufficient period length of the pseudorandom generator
the resulting histories are unique, thus being called random walks, so that in principle

the entire phase space of the problem can be sampled.

2.5.1. The Monte Carlo N-Particle Code MCNP

The Monte Carlo method is used in a variety of simulation tools to solve a wide range
of different tasks. For the particle transport, especially for neutrons, the Monte Carlo
N-Particle Transport Code MCNP is a powerful tool which can handle complex geometries
and material compositions. Among the most important features are the extensive possi-
bilities to define the source of starting particles, the calculation of criticality eigenvalues

of systems with nuclear fuel, powerful geometry, tally and cross section plotter as well

4A pseudorandom number generator is an algorithm for generating a sequence of numbers which are
approximately randomly distributed. The sequence is not truly random, because it is completely

determined by an initial value, called the seed.
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as advanced variance reduction techniques.

The development of MCNP began in 1957 at the Los Alamos National Laboratory
and has been steadily extended. In 1994 the further development of MCNP was forked,
which resulted in MCNP5 [84] and MCNPx [85]. MCNPx is based on version 4B (1994)
and offers, as the first version, the possibility to transport any kind of particles over a
broad energy range. Since nuclear data is unavailable for many particle types, especially
heavy ions, those are treated with sophisticated physical models. The add-on MCUNED
[86] offers the possibility to use databases for at least light ions (e.g., deuterons or alpha
particles), see section 2.5.4. With MCNP5, on the other hand, only classical particles
(neutrons, electrons, photons) can be simulated. For these particles MCNP5 offers an
advantage in computing speed compared to other MCNP versions. The most recent
stable version is MCNP6.1 [87], which is a merge of MCNP5 and MCNPx and combines
their advantages. For this work MCNPx, MCNP5 and MCNP6.1 are used depending on
the problem.

2.5.2. Fundamental Mathematical Principles

As Monte Carlo results are obtained by averaging the contributions from many random
walk histories, these results are subject to a statistical uncertainty which is a measure of
the precision of the Monte Carlo simulation.

For a physical quantity such as the neutron flux at a specific (tally-) position to be
measured in a simulation, the i-th random walk scores a contribution x; to the tally. The

expected value of x is then given by

E(x):/xf(x)dx ,

where f(x) is the probability distribution that a given random walk provides the contri-
bution x to the tally. In general, f(x) is unknown but is implicitly determined by the
Monte Carlo method. Thereby, the expected value E(x) of the quantity is approximated
by the sampled mean

1
N :
1

™=z

X = X, (2.10)

I
—_

wherein x; is the tally contribution from the i-th history and N the total number of

histories. This statement is motivated by the strong law of large numbers [88] which

— 35—



2. Physical & Technical Principles Dipl.-Phys. ]. P. Dabruck

implies that limy_,. ¥ = E(x) if E(x) is finite and is thus a fundamental theorem of the
Monte Carlo method.

This also applies to the variance

o —/x— Fx)dx = E(x?) — EX(x) ,
of the calculated scores to the physical quantity which can be approximated by the

Monte Carlo method as
2 1 Y 2
5§ = m i:1(Xi — X) (211)
for large N. Since S is the estimated standard deviation of all N sampled scores x;, the

estimated standard deviation of the estimated mean & is defined as

SZ
Se =1/ (2.12)

It is evident from equation 2.12 that the standard deviation Sy « VN ! which implies
that four times the computation time is needed to halve the standard deviation of the
tally in question.

To assess the precision of Monte Carlo calculations it is necessary to define confidence
intervals for the quantities x. As a second fundamental theorem of the Monte Carlo
method, the central limit theorem applies which states that the distribution of mean
values x of different sets of histories with the same size approaches a normal distribution
where the mean of this distribution is given by E(x) [89]. This holds for any distribution
of scored values of x, as exemplarily depicted in figure 2.9. In particular, the central

limit theorem states for limy_,«, that

wS; < VNI ( ,BS] W/ eXp(_t2> dt

where the probability P of the estimated mean x lying in a confidence interval spanned
by a Sz and B Sz around the expected value value E(x) amounts to the area of the normal
distribution spanned by « and p.

Care should be taken when assessing the quality of a Monte Carlo result regarding
the terms accuracy and precision. As indicated above the latter refers to the statistical
uncertainty measured by the estimated standard deviation Sz, whereas accuracy refers
to how close the calculated mean value E(x) ~ X is to the true value of the physical
quantity, see figure 2.10. The accuracy refers to the systematic error which is often

elusive to the simulation.
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E(x)

Figure 2.9.: Arbitrary distribution of individual scores x; to a tally for a specific subset of histories.
The thick black vertical line on the left indicates the zero scores to the tally. Image taken from
[90] and modified.
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Figure 2.10.: Schematic demonstrating the difference between accuracy and precision of a Monte
Carlo simulation. The mean value of the score distribution is denoted by E(x) and the estimated

standard deviation of the estimated mean ¥ by Sz. Image taken from [91] and modified.

2.5.3. Tallies, Error Estimation & Variance Reduction

As already stated in section 2.5, in Monte Carlo calculations information about the
simulated system is provided only if these are explicitly requested by the user. This
is done in MCNP by means of tallies, which act as detectors and determine various

physical quantities such as the neutron fluence. In fact all quantities of the form

/ ®(E) f(E)dE

can be recorded, whereby ®(E) denotes the energy-dependent fluence and f(E) is an
arbitrary response function, e.g., a flux-to-dose conversion function. Tallies can be

defined on surfaces or cells (volumes). The definition of a three-dimensional mesh is
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also possible, whereby each voxel corresponds to a volume tally. Such mesh tallies are
not bound to the geometry of the simulation model, but are superimposed. Each tally
can be subdivided into bins, for example energy of number of collisions.

Particles simulated in MCNP do not always correspond to physical particles. By
means of variance reduction methods, for example, an actually absorbed particle can be
followed further, but its weight is reduced. A particle with weight 1 behaves analogously
to a physical particle. In order to account for the law of particle conservation, the particles
themselves are not tallied in MCNP, but rather their weights. In MCND, the conservation
of the number of particles is therefore reflected as a weight conservation law.

To each tally (bin) value the estimated relative error, cf. section 2.5.2, is printed which

ot 1
V&N w)? N

according to equations 2.10, 2.11, and 2.12. It is evident that for identical and finite x;

is defined as

R

Rl‘é‘n

R = 0. If all x; = 0, then R is defined to be 0. The relative error can be used to estimate
the quality of the calculated value of the tally bin of interest. Thus, tally values with
R < 0.1 are considered reliable, except for point detector-tallies, for which R < 0.05 is
required.

Variance reduction techniques can be applied to reduce the relative error of the desired
tallies or to save computing time. The simplest methods are aimed at truncating areas of
the phase space which do not contribute significantly to the desired result. This applies
to the geometry as well as, for example, the energy.

Population control methods are used to increase the particle population in impor-
tant areas of the phase space and to reduce it in unimportant areas. Important and
unimportant areas are defined by the parameter importance in the simulation model.
A sophisticated approach for this are weight windows, where depending on the energy,
the position, or both, low-weighted particles play Russian roulette and high-weighted
particles are split. Particles which lose Russian roulette are eliminated while the weight
of particles which win Russian roulette are increased. If a high-weighted particle is
split its products are reduced in weight. In average the weight of all particles as they
contribute to any tally is conserved.

In certain cases, partly deterministic methods are also suitable which circumvent the

random walk process at defined locations in the geometry and transport the particles
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deterministically, for example, point detector tallies. Apart from MCNP, there are also
hybrid methods available which can generate optimized weight window distributions

using deterministic and Monte Carlo methods, e.g., FW-CADIS [92].

2.5.4. Nuclear Data, Physical Models & Parallelization

As explained in section 2.5, for an accurate solution of particle transport problems,
databases containing the scattering cross sections of the incident particles for the isotopes
of the model materials used as well as energy and angular distributions of the reaction
products, are essential. For MCNPD, extensive, pointwise, continuous-energy nuclear and
atomic databases are provided. These involve the Evaluated Nuclear Data File (ENDEF),
the Advanced Computational Technology Initiative (ACTI), the Evaluated Nuclear Data
Library (ENDL), the Evaluated Photon Data Library (EPDL), the Activation Library
(ACTL), and compilations from Livermore and the Nuclear Physics Group at Los Alamos
(T-16). The photon and electron data are mostly atomic rather than nuclear. Photonuclear
data is also included which, for example, allow for the treatment of neutron production
from high-energy bremsstrahlung-photons.

There are many other working groups that also provide nuclear databases for general
and special purposes. These include, for example, the Japanese Nuclear Data Library
(JENDL), the Joint Evaluated Fission and Fusion File (JEFF), the Russian File for Evaluated
Nuclear Data (RUSFOND), the Russian Evaluated Neutron Data Library (BROND), the
Chinese Evaluated Nuclear Data Library (CENDL) as well as the TALYS Evaluated
Nuclear Data Library (TENDL) based on the TALYS code system.

To ensure a high quality, experimental nuclear data results are evaluated by a Nuclear
Data Organization. Nuclear models are used for nuclides or energy ranges for which only
few measured data is available, the parameters of which are benchmarked and adjusted
with these measurement data. The resulting data library contains a combination of
interpolatable data points and resonance parameters. Evaluated data can be processed
into the pointwise ACE (A Compact ENDF) format, which is demanded by MCNP, by
codes such as NJOY [62].

The materials are treated in MCNP as a nuclide mixture of a free gas. As discussed in
section 2.3.2 additional effects to the particle-particle scattering have to be taken into

consideration for solids or fluids if the neutron’s de Broglie wavelength is in the range
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of atomic bonds in the molecules or crystal lattices. These effects are accounted for by
modifications of the cross section according to a scattering function S(«, B) as given
in equation 2.7. Data tables for S(«, B) scattering treatment is available in MCNP for a
limited number of substances and temperatures mostly relevant to thermal reactors and
cold moderators.

For nuclides or energy ranges for which no databases are available, MCNP offers
built-in physics models such as the Cascade Exciton Model (CEM), the intranuclear
cascade models Bertini, ISABEL, INCL with the abrasion ablation model ABLA, and the
Quark-Gluon String Model (LAQGSM).

MCNP can be executed very efficiently on multi-processor systems, for example HPC
clusters, since the particles are successively sampled in an internal program loop. In
this case, MCNP can be used with the two parallelization paradigms OMP (open multi-
processing) and MPI (message passing interface). When using OMP, only one instance
of MCNP is executed, with the internal particle loop of MCNP being split onto several
processor cores. These threads share the memory allocated to MCNP, which is why OMP
runs are also referred to as shared memory multi-processing. Due to the memory being
shared the performance suffers when several physical CPUs are requested. However,
OMP can only be used for classical particles (neutrons, photons, electrons) and tabulated
cross sections, not for physical models.

In MPI runs, several individual instances of MCNP are executed in parallel. Since
each instance has its own memory allocated, there is a master process distributing cross
section data to the slave processes and setting rendezvous points during the simulation
where the statistics of the tallies are accumulated. Because of the large overhead that
arise when using many processors, MPI does not scale linearly and the performance
will suffer.

If calculations are to be performed on many CPU cores, it is useful to combine OMP
and MPI in hybrid jobs. A predefined number of OMP threads is executed for each MPI
slave process. Since each MPI process allocates its own memory, which is then shared by
the corresponding OMP threads, the sweet spot is to start one MPI process per physical
CPU, which then runs one OMP thread on each core of the CPU.
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3. Optimization Studies on a Laser-Driven

Neutron Source

As outlined in section 2.1.1 only the most powerful lasers which are capable of producing
ultra-short pulses are suitable for the acceleration of light ions. In this regime the efficient
acceleration mechanisms are the Target Normal Sheath Acceleration (TSNA) and the

Break-Out Afterburner (BOA), respectively, depending on the target thickness.

One of the most promising experiments on neutron production using laser-based
ion acceleration recently took place at Trident Laser in Los Alamos. The results of the
experiments are therefore used as input parameters for the investigation of the behavior

of the moderator system.

First, the experimental setup is explained including the results from which a source
definition for MCNP is derived. This source definition is used to carry out parameter
studies for the design and optimization of the moderator system. In addition to the
general structure of the moderator with regard to material, geometry, and cold neutron
production, the idea of the Flux Finger Moderator is presented, whose innovative design
significantly increases the brilliance of thermal neutrons. Finally, the impact of an
additional reflector on the various performance parameters of the moderator system

(e.g., brilliance and pulse structure) is investigated.

In all simulations discussed in this chapter the symmetry axis of the moderator is
assumed to be in positive z-direction. Neutrons with an energy E < 7meV = 81K are
considered as cold, whereas neutrons below 30 meV = 350 K are considered as thermal,

cf. table A.1 in the appendix.
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3.1. The Trident Experiment

A full characterization of a short-pulsed laser-driven neutron source was performed by
[27, 29, 30] in 2012 at the Trident laser facility of the Los Alamos National Laboratory.
As outlined in section 2.1.1 the Trident laser is capable of accelerating ions in the BOA
regime with appropriate targets, however, the TNSA regime was also investigated using
a thicker target.

The setup is schematically shown in figure 3.1a. The laser beam is focused on the
target foil using a parabolic mirror. On average 80] were deposited on a focus point
with a diameter of about 6 ym and a pulse duration of 600 fs. The peak intensity was
approximately 5 x 102 W/cm?. The target foil consisted of a thin layer of polyethylene
(CH>) or deuterated polyethylene (CD;) with varying thickness between 0.1 um and
3.2 um. Neutrons are produced in a beryllium converter caused by the *Be(p,n) and

Be(d,n) reactions, respectively, as explained in section 2.2.1.

#1

nTOF —
(Plasticscintillator & PMT)

CHorCD Neutron beam
0.23.2u directed

Cu-shield Be

ptord* A Thomson Parabola Convg;’at;gt’(;;:WASP
beam '\ &
Neutronbeam4rt &2 % "
(a) Inside view of the target chamber. (b) Full setup with target chamber and detectors.

Figure 3.1.: Schematics of the experimental setup at Trident. [29]

The full setup of the experiments which were carried out in an evacuated target cham-
ber, is shown in figure 3.1b. For diagnostics of the ion beam, the beryllium converter was
replaced by an ion wide angle spectrometer (iWASP), whose entrance slit was additionally
surrounded by several copper films in order to perform a nuclear activation-based imaging
spectroscopy (NAIS). The iWASP is used to record the ion spectra for different angles

whereas the NAIS films are used to determine the shape of the beam.
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To measure neutron yield, spectrum and angular distribution commercial bubble
detectors from Bubble Technology Industries (BTI), nTOF detectors (10 cm in diameter,
1.88 cm thick NE102 plastic scintillators coupled with fast 12.5 cm photo multiplier tubes),
and a neutron imaging station were used.

The highest neutron yield was obtained with a 480 nm thick CD, target. Therefore, the
experimental results are explained exemplarily for exactly this configuration. Results
of the deuteron beam diagnostics are shown in figure 3.2. Interestingly, the deuteron
spectrum measured with the iWASP is only slightly depending on the angle as indicated
by figure 3.2a. A typical deuteron spectrum is shown in figure 3.2b for angles between
6° and 8°. On the basis of the iWASP measurements, the total number of deuterons
produced with energies E > 15MeV (the lower threshold of the iWASP) could be
estimated to (5 + 3) x 10! per shot.

10 ) |27 Deuteron 6°-8°|
Qé
. (é’// \
% 1e6 o %
[2]
.z'e E 1074 %x
: 3
S = < sy
1e5 3 %%@ s
10°4 % < %
15 T T T T T I‘;‘Vﬂr\-‘-r
Energy (MeV) 3 5 1e4 20 30 40 50 60 70 80 90
0 Angle(®) Energy (MeV)
(a) Angularly resolved. (b) Spectrum between 6° (upper line) and 8°

(lower line)

Figure 3.2.: Spectra of deuterons produced with 480 nm thick CD; film.

The spectrum of the generated neutrons shows a peak at approximately 18 MeV
and extends up to 100 MeV according to the blue curve in figure 3.3a. The red curve
corresponds to the neutron spectrum originating from CHj foils. The pulse structure of
the neutrons is given by the red curve in figure 3.3b. Accordingly, the main pulse has a
length of more than 200 ns and occurs after a 40 ns long prepulse.

The results of the measurements with the bubble detectors for thick and thin target
foils are shown in the polar plot 3.4. In the TNSA regime (left diagram), a isotropic
distribution of the neutrons occurs, which is also significantly lower than that of the

neutrons produced by deuterons in the BOA regime (right diagram). In the latter case, a
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(a) Spectra of neutrons produced by protons (red) (b) Pulseshape for neutrons produced by deuterons.
and deuterons (blue). The y-flash (green) is subtracted from the raw scope

trace (blue) resulting in the neutron signal (red).

Figure 3.3.: Trident nTOF measurement results for neutrons produced by protons and deuterons
in the BOA regime with a 400 nm thick CHj film and a 480 nm thick CD, film, respectively. [29]

forward-directed component appears, which is significantly higher with 4.4 x10°n/sr

than the isotropic one with 2 x10” n/sr.
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Figure 3.4.: Polar plot of bubble detector measurements on neutrons produced at Trident with
CD;, films of different thicknesses. [29]

The total neutron yield at Trident can be calculated as follows: The blue shaded cone
in forward direction covers a solid angle of 1 sr for which the average yield amounts

to 3.2 x 10°n. The average of the values of the isotropic component amounts to 2 x
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10°n/sr x (4t —1)sr = 2.31 x 1010, By assuming an operating frequency of 10 Hz,
which is a reasonable assumption for a future laser-driven system, a total neutron yield
of 2.63 x 101 n/s is obtained. This value is therefore used as the source strength of
neutrons produced in the converter for all further simulations. This estimation can
easily be verified by integrating over the linearly interpolated values of the angular
distribution, cf. figure 3.8b in section 3.2.3. This results in a value of 2.62 x 10! n/s at

10 Hz, which is very close to the value from the simple estimate above.

3.2. Simulation Setup & Preparatory Work

Preliminary simulations are conducted to make the first material selection regarding
the moderation performance. In addition the question of whether there are any harmful
mechanisms in the regime that prevails at the Trident Laser is answered. For all further
simulation studies a detailed source definition based on the measurement results at
Trident is derived. The coordinate system is selected in such a way that the incident
laser beam and thus also the preferred direction of the accelerated ions point along the

positive z-axis being referred to as forward direction.

3.2.1. Moderation of a High-Energy Neutron Pencil Beam

Spectra of Neutrons behind Thermal Moderators In preliminary investigations, mod-
erator blocks with a front surface of 40 cm x 40 cm and varying thickness are impinged
by a neutrons pencil beam to assess the moderation properties of heavy water, beryllium,
and graphite. Light water is neglected at this point, due to its high absorption cross
section. The neutron energy is set to E = 18 MeV because the peak of the neutron spec-
trum generated with deuterons via BOA is located between 10 and 20 MeV according to
figure 3.3a. The neutrons leaving the moderator are tallied directly on its rear surface.
The theoretical predictions shown in section 2.3.1 for the moderation performance
of common materials are confirmed by the spectra given in figure 3.5. Thicknesses of
10 cm and 50 cm are considered in the plots. Only beryllium can produce a reasonable
thermal flux even at a small layer thickness of 10 cm. The flux maximum in the thermal
range is higher by a factor of 8 than that of D,O and by 4 orders of magnitude higher
than that of graphite. Beryllium shows the highest thermal flux due to the very good
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slowing-down power and its high (n,2n) cross section. The thermal flux is twice as high
as for DO and a factor 30 higher than for graphite. The optimum thickness regarding
the highest yield of neutrons in the energy range below 10~7 MeV amounts to 30 cm for
beryllium, 45 cm for graphite and 35 cm for heavy water.

A distinct peak at 18 MeV is visible in the spectra originating from neutrons which
did not undergo any scattering events. For beryllium, the peak for 10 cm thickness is
almost two orders of magnitude larger than for 50 cm.

Be 50cm
C 10cm

C 50cm
D,0 10cm
D,0 50cm

MeV Y

cts/ nps/AE

10 [ il i il sl il il il il il il i
10 10° 10® 107 10°® 10° 10% 10° 102 10t 10° 100 107
E [MeV]

Figure 3.5.: Spectrum of neutrons with an initial energy of 18 MeV behind beryllium, graphite

and heavy water layers with thicknesses of 10 and 50 cm, respectively.

Pulse Shape of Neutrons behind Thermal Moderators The next aspect of investi-
gation is the time-wise broadening of the neutron pulse which strongly affects the
wavelength resolution of the corresponding instruments and can lead to unwanted
frame overlap, see section 2.4. Qualitatively, the findings regarding the spectra can also
be seen in the pulse structures, which are depicted in figure 3.6. The initial neutron
pulse is shown in black with a length of 300 ns, which corresponds to the pulse dura-

tion measured at Trident, see figure 3.3b. The plateaus on the left-hand side represent
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unmoderated neutrons which pass the moderator without scattering. Consequently, the
left edge of the plateau denotes the time of flight of unmoderated neutrons from the

source to the backside of the moderator (100 cm and 140 cm, respectively).
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Figure 3.6.: Pulse shape of neutrons with an initial energy of 18 MeV behind beryllium, graphite
and heavy water layers with thicknesses of 10 and 50 cm. The initial neutron beam has a pulse

length of 300 ns which is the total pulse length of the neutrons produced by deuterons at Trident.

Since a long time of flight is caused by a large number of scattering processes, it is
clear that a slowly dropping tail of the curve corresponds to a low mean free path and a
high slowing-down power of the material. Therefore, even without knowledge of the
spectrum, it is evident that the mean free path of graphite is much larger compared
to beryllium and heavy water. Due to its weak slowing-down power, the neutrons in
graphite are heavily undermoderated resulting in a pulse with 280 ps. With heavy water
and beryllium, pulse lengths of 1 ms or 1.5 ms,respectively, are reached, with the pulse
height for beryllium being almost one order of magnitude higher.

With layer thicknesses of 50 cm the pulse shapes become considerably flatter and

longer, since the proportion of thermal neutrons of the total flux is significantly higher
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than for small layer thicknesses. Neutrons already thermalized can remain in the
moderator even longer and therefore have a large diffusion time, which is evident by
considering the long tail of the pulses. These range up to 4 ms (graphite), 5ms (D,O)
and 7 ms (beryllium).

After 1 ms the count rate is decreased five orders of magnitude and drops rapidly
afterwards. Thus, frame overlap is expected not to occur, even in the case of 50 cm
beryllium. If the application of a chopper turns out to be necessary, the neutron yield
will presumably not be strongly affected. Of course, these conclusions only hold for not

too high repetition rates, e.g., 100 Hz.

Production of Cold Neutrons The next aspect to be investigated is the production
of cold neutrons which is conducted with a similar geometry as described above. In
addition, a separate layer of liquid deuterium at 19 K is placed behind 30 cm of beryllium
which was previously determined as the best possible thermal moderator. As depicted
in figure 3.7, the spectrum of neutrons leaving the rear-side of the moderator system
is shifted to lower energies for increasing thickness. The yield in the energy range of
interest from 1.7 x 1072 MeV to 6.9 x 10~? MeV corresponding to neutron temperatures
between 20K and 80K, is at maximum for 12 cm of deuterium. The energy range of
interest is indicated by thin gray lines. For layers thicker than 12 cm, the yield decreases

due to the absorption reaction 2H(n,v)*H.

3.2.2. Heating & DPA Production in the Thermal Moderator

The investigations in this section are carried out for a simple geometry encompassing a
spherical beryllium moderator, whereby the converter and thus the source definition for
the primary neutrons is located on the surface. First, the heat deposition and the DPA
production caused by neutron moderation are calculated. Subsequently, an estimate of
the heat deposition of the primary ions is undertaken for the case that the moderator

material works simultaneously as the converter.

Heating The heat deposition is determined by an f6-tally averaged over the whole
moderator volume. As a result, 2.14 x 107> MeV /g are deposited per initial neutron.
Considering the total mass of the beryllium sphere, which amounts to mg. = 209kg, a

total of 4.5 MeV is deposited per initial neutron in the moderator.
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Figure 3.7.: Spectrum of neutrons with an initial energy of 18 MeV behind a layer of 30cm

beryllium and a second layer of liquid deuterium with varying thickness.

By taking into account the total neutron source strength as shown in section 3.1
and the conservative approach, that the moderator does not dissipate any heat to the

environment, the heat load induced by the moderation of neutrons can be calculated as

follows

Pheat = 2.62 x 10" 2 <446 MY _ 117102 g =0.188W
J
Cp(Be) = 1825 kgiK
dT D K K
G _Theat 49341072 =178 20 (3.1)
dt Cp X Mpe S h

In the worst case, it must be assumed that all neutrons deposit their entire energy in

the moderator. Under these conditions, the heat deposition rate and the temperature
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increase are found to be

Preat = 18 MeV x 2.63 x 10" g =473x1 =0.758 W and

dr K mK

MeV
012
S

It can be concluded that the heat deposition in the beryllium moderator can be neglected.

DPA Production The mechanism of DPA production in irradiated structures is dis-
cussed in section 2.2.2.

Using MCNP, the DPA production is estimated by means of volume-averaged flux
tallies and an fm-multiplier card referring to the displacement reaction type MT=444
which denotes the DPA production cross section in units of MeV b [93]. The values

calculated by MCNP are therefore measured in units of MeVbcm 2.

Thus, a nor-
malization constant is defined in the fm card which yields the DPA per initial neu-
tron and which also encompasses equation 2.3. The normalization constant reads

10~ C%z x 0.8 x 100 &% /62eV = 1.29032 x 10-2eV 1. Accordingly, the fm card is

written as

1 FM104 1.29032E-20 1 444

where 1 denotes the material number of beryllium in the MCNP input.
The DPA production per full power year! is calculated as the product of the MCNP
tally result and the neutron source strength at Trident to

o7 DPA

=743x1
fpy

DPA DPA
8.96x107% == x 2.63 10" g —236x10" 1 —

Itis evident that the DPA production by neutrons is irrelevant with regard to the integrity

of the beryllium moderator.

Heating by Deuterons In the two previous sections it turned out, that heat deposition
and DPA production by neutrons in a beryllium-based moderator can be neglected. This
is not the case for the converter which is impinged by the high-energetic deuterons. In
this section the heat deposition in a beryllium bulk converter is investigated based on

the spectrum of the measured deuterons, see figure 3.2. Contrary to Trident, however,

1One fpy corresponds to the total time during which a device or a facility is operated at full power for an

entire year.
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the deuterons are completely forward directed so that the simulation can be considered
conservative?. The total energy deposition is calculated by MCNP to 29.79 MeV per
initial deuteron which corresponds to 1.5 x 10'* MeV /s = 24 W assuming an operation
at 10Hz. Considering equation 3.1 the mean temperature increase of the spherical

beryllium converter-moderator system amounts to

dT _  Pheat  _ 609058 _ g3 K
dt Cp X mBE S h

It can be concluded that heat deposition by neutrons and the primary deuterons as
well as DPA production are easily manageable in the regime which prevails at Trident

operating at 10 Hz.

3.2.3. Source Definition Based on Trident Results

The preliminary investigations were carried out based on simplified source definitions.
In order to be able to precisely design and optimize the moderator system of a laser-
driven neutron source, all measurement results for the neutron production at Trident
with a 480 nm thick CD foil are used.

For this aim, the values of the measured neutron spectrum (figure 3.3a), the pulse
shape (figure 3.3b) and the angular distribution (figure 3.4) are digitized with aid of
the software GSYS2.4 [94] and are implemented as a source definition for MCNP. A
visualization of the datapoints used in the source definition is shown in figure 3.8.
According to [84], the data points are implemented as vertices of a piecewise linear
function and not as a histogram, which corresponds to the red curve. A simple simulation
geometry is applied for validation, a spherical surface is positioned around the source,
on which the spectrum and the temporal pulse structure are determined by surface
flux tally. The angular distribution, on the other hand, is determined with a cylindrical
mesh-based tally. Due to the rotational symmetry of the source definition, it is sufficient
to apply a thin disk of the cylindrical mesh tally which contains the source point. The
results of the tallies for validation purposes are represented by the black and the blue
curve. The blue curve corresponds to a tally with a coarse energy and time binning and

the black curve to a fine binning. There is a very good agreement between the SDEF

%In reality, a scenario like this could be created by enclosing the target foil by converter material as much

as possible.
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input data and the tally results. The implementation of the source definition is therefore
considered reliable and correct. In all subsequent simulations, this source definition is

used unless otherwise specified.
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Figure 3.8.: MCNP source distributions of the primary neutrons based on the measurements at
Trident with deuterated PE film in the BOA regime. The implementation of the source definition

is validated by means of MCNP simulations with corresponding tallies.

3.3. Setup and Design of the Moderator

In this section the results of the simulation studies for the design of a moderator system

for the generation of cold neutrons with high brilliance are elucidated. The assembly
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consists of a thermal moderator, in which the fast primary neutrons are thermalized,
and a small-volume cold moderator. According to the work of [79, 80] the brilliance
of cold neutrons can be significantly increased by using small-volume, rod-shaped or
disk-shaped cold moderators.

For the simulations, the source definition of the primary neutrons generated at Tri-
dent derived in the previous section is placed directly on the surface of the moderator.
According to the results of the preliminary studies, beryllium is chosen as material for
the thermal moderator. First, the external shape of the thermal moderator is optimized
with respect to the maximum value of the thermal flux. Subsequently, the material
and dimensions of cold moderators, which are embedded in the thermal beryllium
moderator, are investigated. In the following simulations, neutrons with an energy

E < 30meV corresponding to a temperature of 348 K are considered thermal.

3.3.1. Moderator Shape and Geometry

To identify the optimum shape of the thermal moderator, the value and the location of
the maximum thermal flux is determined in dependence of the volume of the moder-
ator by means of a mesh-based tally which has a resolution of 1 cm in each direction.
The simulations are performed for the following geometries: sphere, cylinder, cone,
ellipsoid, and cap (cylinder with a superimposed half-sphere). Since the volume of all
configurations except the sphere depends on two parameters, radius r and height 4,
both parameters must be varied independently. The results are shown in figure 3.9. For
each point in the diagram only the flux value of the optimum combination of » and & is
shown.

The maximum value of the thermal flux increases rapidly up to a volume of approxi-
mately 100 dm3. From 200-300 dm3, no remarkable increase in the maximum flux value
can be observed. For very large volumes the maximum thermal flux becomes saturated
where as many neutrons are absorbed or escape the moderator, as are backscattered to
the center of the moderator.

The highest flux is achieved in the cap configuration, which is closely followed by
cylindrical and conical designs. These configurations have nearly identical saturation
values of 1.73 x 108 cm~2s~!. In ellipsoidal moderators maximum flux values of 1.6 x

108 cm~2s~! are observed. The simplest moderator geometry, the sphere, also provides
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Figure 3.9.: Maximum value and relative error of the thermal flux for different shapes of a
beryllium moderator depending on their volume. For spherical moderators also heavy water is
investigated. Values are normalized to the neutron yield at Trident assuming an operation at
10 Hz, which corresponds to 2.62 x 101 n/s.

the lowest thermal flux with 1.37 x 108 cm—2s~ 1. Interestingly, the saturation values
for all geometries are not identical, although the same material is used. This can be
explained by the fact that the source of the primary neutrons, i.e., the converter, is located
on the surface of the moderators. Due to the angular dependence, see figures 3.4 and
3.8b, curved surfaces, i.e., the sphere and the ellipsoid, can not capture as many primary

neutrons as planar surfaces which are the bases of cap, cylinder and cone.

To refer again to the material selection, which is based on the preliminary studies
shown in section 3.2.1, a spherical geometry with heavy water is investigated. Despite
the very good moderating ratio of heavy water, a thermal flux which is not nearly as high
as in beryllium can be achieved. For large volumes values of only 3.24 x 107 cm 25!
are observed. It can be seen that the (n,2n) cross section of beryllium has a large impact
on the thermal flux, which is not taken into account in the theoretical calculation of the

moderating ratio, cf. section 2.3.2. The energy of the primary neutrons generated at
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Trident are comparatively high, as indicated by the spectrum in figure 3.3a. According
to the shape of the (n,2n) cross section, these high-energy neutrons can be effectively
multiplied by (n,2n) and (n,3n) reactions and simultaneously decelerated in beryllium.
For the further simulations, a cylindrical beryllium moderator with a volume of V =
125dm?3 is used with optimum dimensions of r = 31cm and & = 41cm. Above this
volume, the gain in thermal neutrons at the center of the moderator is too small to justify
the additional material costs. The position of the maximum thermal flux is given by

(0,0,15.7) cm.

3.3.2. Converter Position

The source definition of the deuterons is based on the results of the Trident experiments.
For the sake of simplicity, the emission direction of the deuterons is assumed to be limited
to a cone with half an apex angle of 0,pex = 15°. According to figure 3.2a, the deuteron
flux is approximately constant in this angular range. The spectrum of the deuterons is
extracted from diagram 3.2b using the software GSYS2.4 [94] and implemented in the
source definition.

The simulation model is depicted in figure 3.10 and consists of a cylindrical beryllium
moderator which is equipped with a conical inlet accounting for the angular distribution
of the deuteron source. The deuteron source is positioned in 1cm distance to the
moderator on the axis of symmetry. Accordingly, the openings radiusis settor. = 0.3 cm.
In this configuration, the first layer of the moderator behind the base of the conical inlet
serves as a converter in which neutrons are produced. In a parameter study, the height
h. of the conical inlet is varied between 1 cm and 16 cm, whereby, the inner radius R. is
also varied for each value of h..

In figure 3.11, the maximum thermal flux in the moderator is depicted in dependence
on the height /. for corresponding optimum value of R.. As expected, the optimum
flux value is always achieved for the combination of /. and R, where the cone has a
half opening angle of 15°. It can be clearly seen that the maximum thermal flux in the
moderator can be considerably increased as the converter is moved deeper into the
moderator. As the length of the inlet increases, the thermal flux increases almost linearly,
until the curve gradually decreases above 8 cm. The maximum is reached at 14 cm with

2

a flux value of 1.13x 107 ecm—2s~ 1. For larger h,, the maximum achievable flux decreases
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Figure 3.10.: MCNP model of a cylindrical beryllium moderator with a conical inlet (i, = 10cm
and O,pex /2 = 15°) for the primary deuterons produced at Trident. Accordingly, the first layers
of beryllium at the base of the inlet cone serves as the neutron-producing converter. The length
of the inlet as well as the radius of the cone’s base are varied in the parameter study. The flux

distribution of the primary deuterons can also be seen.

again being caused by the fact that the moderator thickness amounts to 31 cm and above

h. = 15.5 cm more moderator material is behind the converter area than in front of it.
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Figure 3.11.: Maximum thermal flux and relative error inside the moderator in dependence to
the length of the conical inlet for the primary deuterons. As the radius is also varied for each

length, only the optimum flux values are shown.

The results show that for larger h, the rear layers of the moderator serve as a reflector

for backwardly directed neutrons. As shown in the previous section, the increase in
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thermal flux is limited by increasing the moderator or by using a reflector. It is therefore
advisable to install the converter as far as possible into the moderator even in larger

moderators in order to minimize the leakage of primary neutrons in the reverse direction.

3.3.3. Cold Moderators

Typical materials for cold moderators are liquid hydrogen, liquid deuterium and solid
methane [95]. Based on the theoretical considerations in section 2.3.2 solid methane at
22K and liquid parahydrogen at 20K are taken into account for optimizing the cold
moderator with regard to maximum yield and brilliance. According to section 2.5.4 the
cross sections of these materials are called in MCNP by means of MT-cards allowing for
modifications of the default cross sections by additional S(«, §) data. It has been reported
that frozen methane offers a higher effectiveness, but has a low radiation resistance
[72, 73]. It is therefore necessary to replace or regenerate solid methane moderators
at short intervals because of the high neutron fluxes. The focus of current research is
therefore on aromatic compounds which have similar moderation properties as solid
methane but offer a significantly higher radiation resistance. These include, for example,
mesitylene and xylene [74, 75]. The former is therefore also analyzed for suitability and
efficiency for the production of cold neutrons. For mesitylene, S(«, f) data is available

for a temperature of 32 K [96].

Figure 3.12.: Simulation model for determining the optimum dimensions of the cold moderator
(blue) embedded in the thermal moderator (magenta) for different materials concerning the
spectrum of primary neutrons produced at Trident. Here, the configuration with parahydrogen,

r = 1lcm and [ = 10 cm is shown.
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The cylindrical cold moderator is placed in the thermal beryllium moderator in such a
way that its lower edge is located at the thermal flux maximum. In order to minimize the
background of fast neutrons, the position or the angle of incidence of 150° is taken as an
example. The geometry for parahydrogen with r = 1cm and I = 10 cm is presented in
figure 3.12. Optimum values for length and radius of the cold moderator are determined
in terms of the highest yield of cold neutrons with E < 7meV = 81K at the outwardly
directed surface of the cold moderator. The results are depicted in figure 3.13 and
summarized in table B.1 in the appendix. As a supplement, the dependence of the cold
flux on the length of the moderators are depicted in figure B.1 in the appendix for the

optimum radius of each material.
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Figure 3.13.: Flux of cold neutrons with E < 7meV = 81K on the outwardly directed cold
moderator surface depending on the radius. For each radius value the optimum length is taken

into account. Values are given in terms of the neutron production at Trident operating at 10 Hz.

All materials have in common that the flux of cold neutrons increases with the radius
of the moderator and then decreases after exceeding an optimum value of 2-3 cm. For
each data point in the table and the diagram, the optimum length is considered for each
radius as a result of a two-dimensional parameter study. Due to the shape of the cross
section of parahydrogen, which implies that the mean free path for cold neutrons is much

larger than for thermal neutrons L. > L, optimum moderator shapes of parahydrogen
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tend to be rod-shaped with | = 5cm and r = 1.5cm, whereas solid methane’s best
configuration is more compact with [ = 2.5cm and r = 1.5cm. As mentioned before,
methane provides the best performance for cold neutrons. The best possible cold neutron
flux is about 36% higher than the best value of parahydrogen and even 133% above that

of mesitylene.

Spectra for different radii are shown in figure 3.14. Apart from the fact that solid
methane delivers a higher cold neutron yield, the maximum yield in parahydrogen is
achieved at 8 meV corresponding to 90 K, while solid methane shows a smooth maximum
of the cold neutron flux between 20 K and 80 K. This can be understood by considering
the steep slope around 100 K of the parahydrogen’s scattering cross section given in figure
2.8b. The maximum flux for mesitylene appears at 90K, as in the case of parahydrogen.
With the same radius, however, the spectrum in the cold range is only half as high. Even
taking the fact into account that the present cross section data of mesitylene is evaluated
for a temperature which is 10K higher than that of parahydrogen, it can not be expected
that with colder mesitylene higher cold fluxes can be obtained than with parahydrogen

or methane.

In order to be able to analyze the directional characteristics of the emitted cold neu-
trons, the brilliance for the materials under consideration is determined. Results for
r = 1,2 and 5 cm are depicted in figure 3.14. As explained above, the brilliance of cold
moderators based on parahydrogen can be increased by reducing the extension of the
moderator to a value close to the thermal neutron scattering length L; ~ 1 cm in at least
one dimension. This can be confirmed by the simulations. In the forward direction
with 6 < 5°, a parahydrogen moderator with » = 1 cm results in a higher cold flux than
with larger radii. The shape of the brilliance is, however, also much steeper, and thus
for angles above 5° the cold neutron flux is higher for r = 2cm. It should be noted
that current supermirrors can only handle cold neutrons up to a critical angle of about
Ocrit ~ 4°, see section 2.4. The shape of the brilliance for solid methane and mesitylene
are similar. However, the absolute values correspond to the angle-integrated cold flux
values from table B.1 and figure 3.13. For a methane moderator with 7 = 2 cm a similar
brilliance is achieved as with the smallest parahydrogen moderator. For all other radii,
the brilliance is significantly lower. In the best case the peak brilliance of mesitylene is

60% below the peak brilliance of parahydrogen and methane.
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Figure 3.14.: Spectrum of neutrons on the outwardly directed cold moderator surface for different
radii and materials. For each curve the optimum length of the moderator is taken into account,
see table B.1. Values are given in terms of the neutron production at Trident operating at 10 Hz.
For the sake of clarity, and to emphasize that indeed the flux of cold neutrons is maximal at 2-3 cm,
but the total yield of cold neutrons increases with the radius, the spectra are not normalized to

the area.

3.4. The Novel Flux Finger Moderator

In the previous section it is explained that the cold moderator is positioned at the thermal
flux maximum and the cold neutrons are extracted from the thermal moderator through
a channel in order to increase the yield.

In the course of this work, the idea of extracting also the thermal neutrons from the
flux maximum of the thermal moderator developed. Since many neutrons are lost on
the way from the source to the experiment or sample, the total flux at the moderator
surface should not be maximized, but the brilliance. This is the component of the particle
current j of neutrons in the relevant energy range directed towards the sample. This
component can be considered as the radial component of the particle current j, = j - 7
if the location of the maximum thermal flux in the moderator is on the beam axis of
the experiment. If the whole moderator volume is taken into account, not only the flux

density of the thermal neutrons decreases from the center to the surface but also the
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Figure 3.15.: Brilliance of cold neutrons with E < 7meV = 81K on the outwardly directed cold
moderator surface for different radii and materials. For each curve the optimum length of the
moderator is taken into account. Values are given in terms of the neutron production at Trident

operating at 10 Hz.

radial component of the thermal particle current. In order to extract this component
from the flux maximum, evacuated flux channels are implemented into the moderator.
Neutrons originating from the thermal flux maximum with the “right” direction can
enter the instrumentation without further collisions and thus without changing their

direction and can be transported to the sample.

This effect commonly designated as the streaming effect is known from nuclear reactors,
where neutrons penetrates through tubes or gaps in the structural material and may
activate components outside the biological shield and increase the dose rate. Therefore,
this effect is generally undesired in nuclear power plants. In research reactors, on the
other hand, the streaming effect is actively used by means of experimentation channels
to extract neutrons from the reactor and to make them available to the experiments. This

is illustrated in figure B.2 in the appendix which shows the neutron flux distribution
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and the geometry of the research reactor FRJ-2 with different experimental channels in
which the streaming effect is clearly visible as a locally increased neutron flux.

A thermal moderator for compact neutron sources which is equipped with such flux
channels is called a Finger Moderator and is covered by a European patent [97] due
to its innovative design and high neutronic performance. In the following sections,
the performance of a Finger Moderator is investigated as a function of the geometrical

parameters of the thermal moderator and the flux channels.

3.4.1. Moderator and Flux Channel Configurations

In section 3.3.1, the influence of the outer shape of moderators based on beryllium and
heavy water on the maximum thermal flux is examined. The more important parameter
is, however, the flux or the brilliance of thermal neutrons, which leave the moderator
and are actually available to the experiment. Therefore, the thermal flux at the channel
exit is determined for different configurations of the Finger Moderator. For this purpose
spherical and cylindrical shapes as well as the cap configuration and different materials
are taken into consideration. Additionally, spherical moderators which are equipped
with a reflector are investigated. Beryllium and heavy water are taken into account as
moderating materials whereas beryllium and graphite are used as reflector materials.
The simulation models with a flux channel with radius r = 1 cm are shown in figure
3.16. For each moderator configuration, a parameter study is performed in which the
angle of incidence ¢ of the flux channel is varied. This angle is defined with respect to
the axis of the deuteron beam.

Results of the parameter study are depicted in figure 3.17. When comparing beryllium-
based moderators with different shapes, it is noticeable that for spherical moderators
(blue curve) the thermal flux at the channel exit is lower for most angles than for the
cylinder (red curve) and the cap (green curve). The thermal flux of the spherical mod-
erator is higher only at angles of incidence where the flux channel would sweep the
edges of the cylindrical moderator. This is the case for ¢ = 50° and ¢ = 115°. At these
positions, the flux channel is significantly longer so that less neutrons from the center
of the moderator reach the channel exit. The shape of the curve of the thermal flux in
the cap moderator is identical to that of the cylinder above an angle of ¢ = 100°. For

smaller angles, the shape of the flux is flatter, as the channel does not sweep a further
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(a) 20° (b) 90° (c) 160°

Figure 3.16.: Simulation model for investigating the thermal flux at the channel exit in dependence
to its angle of incidence with respect to the axis of symmetry of the moderator. Here, the
configuration of a cap-shaped beryllium moderator with graphite reflector (thickness 20 cm

measured from the flat surfaces) for different angles of incidence of the flux channel.

edge.

The orange curve denotes the thermal flux on the surface of a bulk beryllium-based
moderator without flux channels. The values are determined at an area that corresponds
to the channel exit of the other configurations and are a factor 1.5 to 2 lower compared

to the cylindrical moderator with flux channels.

The magenta curve shows the thermal flux for a spherical D,O moderator. The values
are lower by a factor of 2.4 (¢ = 0°) to 6.2 (¢ = 180°) than for the spherical beryllium
moderator. The results shown in section 3.3.1, figure 3.9 on the maximum thermal flux

in the moderator center can therefore be confirmed.

The results of the two configurations with a graphite and a beryllium reflector are
given by the brown and black curves, respectively. The flux values are determined at
the channel exit at the surface of the moderator and not on the surface of the reflector,
i.e., at the same position as in the other spherical configurations. In a real setup, this
would correspond to the beam lines or neutron guides reaching through the reflector
up to the moderator surface. It is found that by using a reflector, the thermal flux at the
channel exit can be significantly increased by a factor of 10.3 (¢ = 0°) to 13.4 (¢ = 180°)
for graphite and by a factor of 16.9 (¢ = 0°) to 37.3 (¢ = 180°) for beryllium compared

to the spherical beryllium moderator without reflector. The behavior of the thermal
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Figure 3.17.: Flux of thermal neutrons measured at the flux channel exit in dependence of the
channel inclination ¢ for different moderator configurations at Trident operating with 10 Hz.

The values of the two configurations with a reflector were determined at the moderator surface
and not at the reflector surface.

flux for a cap-shaped beryllium moderator with a cylindrical graphite reflector (green
dashed curve) is also shown. Accordingly, the flux is at least one order of magnitude
higher for all angles of incidence than for the cap-shaped beryllium moderator without

a reflector. It can also be seen that the dips of the flux at the edges is markedly weaker.

For each of the configurations, the tendency can be observed that the thermal flux
at the channel exit is higher for large ¢ (opposite direction to the incoming deuteron
beam) than for low ¢. This, and the fact that the edges of the cylinder and the cap lead

to a significant drop in thermal flux, show that this is essentially a longitudinal effect of

the channel.
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3.4.2. Shape of the Flux Channels

In addition to the position of the flux channels, their shape is also investigated in view of
higher neutronic performance. For a cylindrical beryllium moderator with a volume of
125 dm3, the radii of the flux channels with ¢ = 0°,10°,150° and 160°, corresponding
to the red curve in figure 3.17, are varied while determining the thermal flux at the
channel exit. Results are depicted in figure 3.18 and show that for increasing radius,
the thermal flux increases rapidly to a certain maximum value and then decreases. The
maximum value amounts to ® = 1.27 x 10" cm 25 ! and ® = 1.15x 10’ cm2s~! for
¢ = 160° and ¢ = 150° and is reached at ¥ = 3.5cm and r = 5cm, respectively. For
¢ = 10° and ¢ = 0°, the maximum flux can be achieved with r = 4.8 cm with values of
® =127cm 2s ! and ® = 1.15cm 25~ 1. The values for r = 1cm are in accordance

with the results in figure 3.17 confirming the consistency of the different simulations.
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Figure 3.18.: Flux of thermal neutrons measured at the flux channel exit in dependence of the
channel radius for different angles of incidence ¢ of the channel. Values are normalized to

Trident operating at 10 Hz.
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In addition to cylindrical flux channels, the neutronic performance of conical channels
is also investigated. The radius at the channel exit is kept constant at ¥ = 1 cm while the
inner radius R of the channel bottom is varied. The brilliance is determined at the exit
of the channel with ¢ = 150° since a higher yield of thermal neutrons is achieved at
the flux channels in the backward direction and the channel with ¢ = 160°, however, is

more difficult to access with the instruments because of the target. Results are shown in

figure 3.19.
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Figure 3.19.: Brilliance of thermal neutrons at the exit of a conical flux channel with ¢ = 150°.

The radius at the channel exit is kept constant with # = 1 cm while the inner radius R is varied.

The brilliance of a cylindrical channel is given by the blue curve corresponding to R =
1 cm. In forward direction, 8 < 5°, its brilliance amounts to 8.5x 10 cm2s ' sr—! pA~L
For increasing radii, the peak brilliance increases up to R = 3cm with a value of
1.02x 107 cm2s ! sr~! pA~! and then decreases so that for R = 7 cm the same value is
achieved as for the cylindrical channel. It is noticeable, however, that the brilliance at
larger angles 6 increases monotonically with R as well as the total thermal flux, at least

for the configurations analyzed here.
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3.4.3. Hollow Moderator

In order to further investigate the streaming effect additional simulations are carried out
in which a cavity is implemented into the moderator at the location of the maximum
thermal flux which occurs at a depth of 17.7 cm in beam direction. For the sake of
simplicity the moderator and the cavity are of spherical shape with a radius of r = 30 cm
which corresponds to a volume of V = 113.1dm?>. A flux channel with radius r = 1cm
is inserted and the thermal flux is calculated at its exit in dependence to the radius rcay
of the cavity in a range between 0 cm and 5 cm. A value of 0 corresponds to the case of
the flux channel extending to the point of maximum thermal flux and absence of the
cavity. Additionally, different angles of inclination of the flux channel are investigated
with values of ¢ = 0°, 90° and 150°. The geometry for 7c;y = 5cm and ¢ = 90° is
depicted in figure 3.20b and for 7.,y = 2cm and ¢ = 150° in figure 3.20a, respectively.

The results of the simulation study are presented in table 3.1. For each flux value, the

(a) Channel inclination 90° and  (b) Channel inclination 150° and

cavity radius rcay = 3cm. cavity radius rcay = 1.5 cm.

Figure 3.20.: Simulation models for determining the dependence of the thermal flux at the
channel exit in dependence of the radius of the spherical cavity located at the thermal flux

maximum inside a spherical beryllium moderator with »* = 30 cm.

percental deviation is shown in comparison to the case without cavity. It is clear that the
thermal flux at the channel exit can not be significantly influenced with small cavities.
There is no tendency to observe, as the values are sometimes higher and sometimes
lower for different radii .,y and angles ¢ which is due to the statistical uncertainty of

the simulation results.
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fav lcm] @Y [em 2571 gain oH gain DL gain
0.0 4.824 %106 - 5.163x10° - 6.133x10° -
1.5 4.993 %106 35% 5.158x10° -0.1% 6.061x10° -1.2%
2.0 4.884 %106 1.2% 5.028x10° -2.6% 6.150x10° 0.3%
3.0 4.716 x 106 22% 5207x10° 09% 6.148x10° 0.2%
4.0 4.749 x 106 -1.6% 4.983x10° -35% 6.113x10° -0.3%
5.0 4.891 x 106 1.4% 4.909x10° -4.9% 5.825x10° -5.0%

Table 3.1.: Thermal flux the exit of channels with ¢ = 0°, 90° and 150° in a spherical beryllium
moderator with a spherical cavity of varying radius at the position of the thermal flux maximum.

The values are compared to the values of the model without cavities in the columns entitled gain.

3.4.4. Multiple Flux Channels

The question arises whether several flux channels in one moderator system mutually
interfere with one another. According to figure 3.21, two models are considered in
which four flux channels are implemented. In the first model, the flux channels have a
cylindrical shape with r = 1 cm and in the second model a conical shape, with an inner
radius of R = 4cm. Two of the flux channels are arranged at an angle of incidence of
¢ = 10° and —10°, respectively, and the other two at an angle of incidence of ¢ = 150°

and —150°, respectively, defined in direction of the incident deuterons.

Figure 3.21.: Simulation models for the investigation of the mutual influence of several flux
channels. Both cylindrical channels with » = 1cm as well as conical channels with r = 1cm and

R = 4 cm are considered.
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Both the flux and the brilliance of thermal neutrons are determined at the channel
exits and compared to models in which only one flux channel is present. The flux values
are summarized in table 3.2. In addition, the loss of thermal neutrons is determined for
the case of four channels compared to a single one. For symmetry reasons only the two

channels with 10° and 150° are listed.

Flux Channel (ORN Orel Loss ACD,fy /AQ) Orel

[em~2571] [em~2s 1sr]

Cylinder multi 10° 5.65x10°  1.03%  -1.5% 1.02x 107 4.6%

Cylinder single 10°  5.73x10°  1.02% 1.12x 107 4.4%
Cylinder multi 150°  1.05x10” 0.78%  -1.2% 9.82x10° 4.5%
Cylinder single 150°  1.06x107  0.78% 1.09 x 107 4.7%
Cone multi 10° 7.09x10° 093%  -6.6% 6.43 x 10° 5.6%
Cone single 10° 7.59x10°  0.89% 8.32x10° 5.1%
Cone multi 150° 1.12x107  0.75% -15.5% 7.07 x 10° 5.6%
Cone single 150° 1.33x107  0.69% 1.12x107 4.5%

Table 3.2.: Thermal flux ®y,, peak brilliance Acbfy /AQ) in forward direction (6 = 1°) and their
relative errors at cylindrical and conical channel exits in a model with multiple channels and
models with single channels. The column Loss shows the loss of thermal neutrons when using

multiple flux channels compared to single channels.

For four cylindrical channels, the loss of thermal neutrons at the channel exit is negli-
gible with 1.2% and 1.5%, respectively; especially if the relative error of the flux values
of approximately 0.8% is taken into account. In the case of conical channels, however,
the deviation is significantly higher. For 10°, the flux decreases by 6.6% compared to
a single channel, and for 150° by 15.5%. Considering the geometry in figure 3.21, it
becomes clear that with conical channels, which are all positioned at the flux maximum,
a considerable amount of moderator material is left out, which is responsible for the
effect shown above. This findings are substantiated by the results from section 3.4.3, in
which is examined how a cavity in the moderator influences the performance.

Apart from the total thermal flux at the channel exit, the thermal flux in the forward

direction should also be considered, since only these neutrons are available for the
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distant experiment. The brilliance at the channel exits is shown in figure 3.22 in which
the solid lines indicate the results of the simulations with multiple flux channels and
dashed lines with a single channel. It can be seen that the brilliance for multiple channels
and single channels approach at larger angles. The deviations between the total fluxes
at the channel exits from table 3.2 hence originate exclusively from the forward-directed
component of the neutron current causing the same effects. In the case of multiple
cylindrical flux channels with a small radius of 1 cm, the loss in peak brilliance (first data
point at 0.5°) of 10% compared to a single channel is much lower than for conical channels
with 37% (channel with ¢ = 150°) and 23% (channel with ¢ = 10°), respectively. The

values for the peak brilliance determined up to § = 1° are also summarized in table 3.2.
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Figure 3.22.: Brilliance of thermal neutrons at the exit of a conical flux channel with ¢ = 150°.

The radius at the channel exit is kept constant with r = 1 cm while the inner radius R is varied.

It can be assumed that, in the case of small flux channels, the mutual impairment
is in acceptable range even with more than four channels. However, in the following
investigations, simulation models with single flux channels are used in order not to

distort the results.
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3.5. Impact of an Additional Reflector

According to figure 3.17, section 3.4.1, the thermal flux at the channel exits of the Finger
Moderator can be considerably increased by the use of a reflector. This section examines
the impact of an additional reflector on the spectrum, the (peak-) brilliance and the pulse
structure. In general, these are the key parameters when determining the instrument
performance at a neutron source.

The simulation model used for the investigations is depicted in figure 3.23 and consists
of a cylindrical beryllium moderator with r = 31 cm and & = 41 cm and a cylindrical
graphite reflector of thickness 20 cm in radial direction and 29 cm in axial direction. The
source definition presented in section 3.2.3 is located at (0,0, —0.1) cm on the bottom
surface of the beryllium moderator. For the sake of simplicity, a beam tube for the
deuterons in the reflector is not modeled. The thermal flux maximum is located at a
depth of 8.9 cm on the axis of the moderator. From this position, a flux channel with a
radius of r = 1cm and an angle of incidence of ¢ = 10° extends to the surface of the

reflector.

3.93e8

5.50e7

8.12e6
1.15e6
1.68e5

Figure 3.23.: Simulation model and flux distribution of thermal neutrons (E < 30meV) of a
cylindrical beryllium moderator with a graphite reflector of thickness 20 cm in radial direction
and 29 cm in axial direction. A flux channel with a radius of * = 1 cm and an angle of incidence
of ¢ = 10° extends from the thermal flux maximum to the surface of the reflector. Unit of the

2.1

flux is cm ™~ s~ " normalized to Trident operating at 10 Hz.
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3.5.1. Spectrum & Brilliance

First, the influence of the reflector on the spectrum of the neutrons extracted from
the moderator is examined. Only the forward-directed neutrons are considered for
which the angle between direction of flight and axis of the flux channel is below 1°. For
comparison, a simulation model without reflector as well as a model with reflector, but
filled flux channel is simulated. Figure 3.24 shows the results.

10*

Reflector
103
No Reflector

Reflector Filled

107t 102 10° 10* 10° 10® 10 108 10° 10° 10M

E [meV]

Figure 3.24.: Spectrum of neutrons leaving the moderator through the flux channel with angle
of incidence of ¢ = 10° in forward direction (6 < 1°) for the assembly shown in figure 3.23, a
bare beryllium moderator, and a bulk moderator-reflector assembly where the flux channel is

filled with material.

The flux at 30 meV can therefore be more than doubled by using a graphite reflector
from 4.89 x 10! em =251 (blue curve) to 1.25x 102 cm 2 s~ ! (red curve). However, the
number of fast neutrons is also much higher. Between 10 MeV and 20 MeV, about four
times more fast neutrons are extracted from the moderator.

As expected, the ratio of fast neutrons to thermal neutrons is shifted in favor of thermal

neutrons for the bulk moderator-reflector assembly (green curve). However, only few
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thermal neutrons reach the surface of the bulk moderator so that the thermal flux in the
forward direction on the surface is even lower than for the moderator with flux channels

and without reflector.

As mentioned earlier, the most important performance parameter of a neutron source
is the brilliance. By means of the model in figure 3.23 simulations are carried out in
which the brilliance is determined at the channel exit on the moderator surface (not on
the reflector surface). This is reasonable since the instrumentation should be placed
as close as possible to the thermal flux maximum. The case outlined here therefore
corresponds to the situation that the neutron guide reaches through the reflector to the

moderator surface.

To clearly demonstrate the advantages of the flux channels, the results are compared
to simulations in which the flux channel is partly or completely filled with moderator
material. In this case the brilliance is not determined at the channel exit, but at the
point to which the channel is filled with material. The results are depicted in figure 3.25.
Solid lines show the brilliance in the Finger Moderator with an evacuated flux channel,
dashed lines a moderator in which the channel is filled with beryllium up to the given
height. Accordingly, 0 cm corresponds to the bottom of the flux channel and 33 cm to
the exit at the moderator surface. Each of the curves decreases from a maximum at
0° to zero at 90°. This is due to the fact that emission at 90° corresponds to neutrons
with flight direction tangential to the channel exit. For positions closer to the center of
the moderator the decrease of the brilliance is rather flat whereas the brilliance at the
channel exit rapidly decreases in the first few degrees and approaches the minimum
with a flat tail. This behavior can be explained by the fact that tally surfaces closer to the
center of the moderator also count neutrons which are emitted from the channel bottom
and have a higher divergence, without being scattered by the inner walls of the flux
channel. In the case of tally surfaces further outside the contribution to the brilliance for
larger angles originates only from the outermost areas of the inner walls of the channels,

where the neutron flux is significantly lower.

By comparing the maximum values at 0° it becomes evident, that neutrons which leave
the moderator in forward direction mainly originate from the center of the moderator.
This is not the case for bulk moderators in which the brilliance in forward direction

is perturbed by the additional material. The peak brilliance is strongly decreasing
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Figure 3.25.: Brilliance of thermal neutrons at different positions inside the flux channel with
@ = 10° (solid lines) and a bulk moderator, for which the channel is filled with material up to

the measuring position (dashed lines).

for increasing depth inside the flux channel whereas for larger angles the brilliance
approaches the values for the case of the Finger Moderator.
At this point it can be concluded that the brilliance in forward direction is extracted

from the center of the moderator and is almost completely preserved by the flux channels.

3.5.2. Neutron Pulse Shapes

For the design of the experiments and in order to adapt the facility to the respective
experiments in an optimum way, cf. section 2.4, the temporal pulse structure of the
generated neutrons is examined. The pulse structure is determined at the channel exits
by means of a time-binned surface current tally. The energies are also divided into the
regions cold, thermal, fast and total. For the flux channels with ¢ = 90° and ¢ = 150°
the results are shown in the figures 3.27 and 3.26, respectively.

The initial pulse of fast neutrons below 300 ns correspond to the primary neutrons

generated at Trident as can be seen in figure 3.3b and in figure 3.8c. The moderation
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Figure 3.26.: Pulse shape of cold, thermal and fast neutrons at the exit of the channel ¢ = 90°.

Values are normalized to Trident operating at 10Hz.

time of the system amounts to 70 ps, in agreement with the theoretical value from table
2.2, above which the pulse consists almost entirely of thermal neutrons and afterwards
is slowly decreasing up to 1 ms. The background of overmoderated, cold neutrons is
smaller by an order of magnitude. The flux of fast neutrons is even lower as indicated
by the yellow curve.

The pulse shape at the 150° flux channel differs significantly in the height of the
thermal pulse from the channel 90°. In contrast, the plateau of the thermal flux is less
pronounced between 100 us and 1 ms whereas the tail of the thermal pulses are of similar
shape.

In order to estimate the background during the thermal pulses, the ratio of the thermal
flux to the total flux as a function of the time are plotted for the channels with ¢ = 10°,
40°,90°, and 150° in figure 3.28. As already mentioned, the thermal pulse reaches its
full height after about 130 us. The background of cold and fast neutrons amounts to
10% between 130 us and 200 ps. Up to about 500 ps the background increases slightly,

and remains constant at 13% lateron.
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Figure 3.27.: Pulse shape of cold, thermal and fast neutrons at the exit of the channel ¢ = 150°.

Values are normalized to Trident operating at 10Hz.

In a more extensive simulation the pulse structure is determined in forward direction
in a cone with 8 < 1° for a channel with ¢ = 90°. The results are depicted in figure
B.3 in the appendix and indicate, that the neutron pulse in forward direction is slightly

shorter, beginning at 100 us and decreasing somewhat faster.
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Figure 3.28.: Ratio of thermal flux to total flux at the channel exits in dependence to the time.
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4. Optimization Studies on an

Accelerator-Driven Neutron Source

Optimization studies for the accelerator-driven HBS are based on the simulation results
on the laser-driven neutron source discussed in the previous chapter. Findings regarding
the moderator material and the dependence of the neutron flux on the moderator
configuration and in particular the idea of the Finger Moderator are therefore adopted
to the accelerator-driven system. Another important aspect in the development of a
concept for the accelerator-driven HBS is the target design, for which the neutron yield is

investigated as a function of the incident particle type, its energy, and the target material.

In order to achieve the optimizations of the moderator-reflector assemblies more
efficiently, a method is developed which uses the PTRAC feature of MCNP to produce
a source file containing all relevant data of the phase space of the primary neutrons
at the time they are produced in the target. Hence, the simulation of the initial ions is
skipped in subsequent simulations by applying the source file as an input for the neutron
transport calculations. Based on the resulting simulation model, the dependency of
various performance quantities, such as spectrum, brilliance, and pulse structure, is
investigated in order to determine the optimum configuration for each type of neutron

scattering experiment.

In all simulations presented in this chapter the symmetry axis of the moderator is
assumed to be in positive z-direction. Neutrons with energies from 0.568 meV (6.59K,
12 A)to 13.1meV (152K, 2.5 A) are considered cold whereas neutrons in the energy range
between 13.1meV (152K, 2.5A) and 127 meV (1474 K, 0.8 A) are considered thermal.
These energy ranges are listed in table A.1 together with the corresponding neutron

velocity, wavelength, and temperature.
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4.1. Target Development

4.1.1. The PTRAC Source File Approach

All possible reactions between a projectile (protons, deuterons, or electrons) and a target
atomic nucleus in which neutrons are produced (cf. section 2.2.1) have to be sampled
with MCNP. In the desired energy regime for CANS the neutron yield is in the range of
1% —10% (see section 4.1.2). Thus, a large number of source particles do not contribute
to the production of neutrons and a large amount of computing time is therefore wasted.
Another even more important drawback of using protons or deuterons as initial particles
is that MCNP cannot be executed multi-threaded using OMP. In this case parallelization
is achieved only via MPI multiprocessing. However, with a high number of cores and

mere MPI parallelization the speedup! is low as explained in section 2.5.4.

For both these reasons, a method was developed in which the neutrons produced in
the target can be used as source particles in MCNP without neglecting the underlying
physics of the preceding projectile-target interaction. This method makes use of the
PTRAC feature of MCNP and the possibility to implement user-defined source subroutines
into the Fortran source code of MCNP. The idea is to create a source file in which all
relevant quantities of the primary neutron’s phase space are saved which are the position
coordinates x, , z, the cosines u, v, w of the angles of the flight direction with respect to
the x-, y- and z-axes, the particle weight W, and the time t with respect to the source
event of the corresponding initial ion. In addition to the advantages already mentioned,
this file gives the opportunity to study the properties of the primary neutron in detail,
see section 4.1.2. The source file is read by the source subroutine in subsequent MCNP
simulations where the stored parameters are assigned to the source particles. This
approach is comparable to the MCNP built-in surface source write and surface source read
routines [84]. In this approach particle parameters are recorded to a separate output file
when the particle crosses a predefined surface. This output file can be used in subsequent
runs substituting SDEF source definitions or fission sources in KCODE problems to increase
the calculation performance. However, the built-in surface source capability exhibit

some drawbacks as it cannot be used again in a single simulation if the number of

ISpeedup is a term used in computer science and mathematically describes the relationship between the

serial and the parallel execution time of a program or algorithm.
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starting particles nps is larger than the number of entries in the surface source file.
Moreover, the surface source feature is limited to surfaces whereas the novel PTRAC
source approach is independent of the geometry and additionally allows for an detailed
analysis of the stored particles. If the end of the source file is reached but more histories
are requested by nps, the subroutine will start again from the beginning. This results
in multiple source particles having identical starting parameters. However, different
random numbers are used to calculate the associated histories, which is the reason for
the paths of random walk of these histories being different and therefore being regarded
as independent contributions to the tallies.

The procedure to generate the source file and the structure of the SOURCE subroutine

are explained in detail in the appendix C.

Validation The purpose of the validation of the PTRAC method is to ensure that the
same results are obtained when using the source file as in simulations with protons as
source particles. In the course of the validation the question is answered, how many
entries in the source file are needed to sample the phase space, which is spanned
by the parameters listed in the previous paragraph, of the primary neutrons with
sufficient accuracy. For simplicity, a combined target moderator system is considered
for the validation process. A beryllium cylinder of height 41.4 cm and 31 cm radius is
bombarded with deuterons of energy 25MeV emerging from the left in the center of
its front surface. The spatial flux distribution of the created neutrons is determined
with a resolution of 1 cm. The results are compared to simulations with source files of
different sizes. Results are shown for the smallest and the full source file in figure 4.1.
The deviation A of the flux distributions resulting from the source file to the simulation
with deuterons is calculated according to formula 4.1 and is depicted on the left-hand

side of each figure.

A— CI)source file — q)deuterons ( 41)

D geuterons
A Gaussian error propagation of the relative errors of both simulations is performed
according to equation 4.2 in order to exclude the statistical uncertainty of the simulations

as a source of the deviation.

o= \/U(queuterons )2 + 0 (Psource file)* 4.2)
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(a) Deviation using a source file with 10* parti-  (b) Relative error (< 2%) of the deviation accord-

cles. The largest value amounts to 4%. ing to equation 4.2.

(c) Deviation using the full source file with 2.6 x  (d) Relative error (< 2%) of the deviation accord-

100 particles. The largest value amounts to 3%. ing to equation 4.2.

Figure 4.1.: Deviation of the spatial neutron flux distributions calculated using source files of

different sizes and a full simulation with deuterons as starting particles and its relative error.
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Figure 4.1a shows the deviation of the flux distribution calculated with a source
file with 10* entries to a “full” simulation with 2 x 10° deuterons as starting particles
which results in 3.2 x 107 primary neutrons. The maximum deviation amounts to —4%.
The sharp fluctuations of the deviations in particular in the center of the cylinder are
noticeable. As shown in figure 4.1b the relative total error in this area is 0%, so it can
be concluded that the deviation is of systematic nature and the extent of the source file
with 10* entries is too small to reproduce the correct ion-target interaction. For a source
file with 10° entries, the maximum deviation amounts to -3%, but is about -1% in most
areas (see figure B.7a in the appendix). It is evident that this deviation of systematic
nature since the overall relative error (cf. figure B.7b in the appendix) is again ~ 0%.
Looking at figure B.7c it is apparent that a source file size with 10° starting particles is
sufficient to reproduce the physics adequately; the deviation from the full simulation is
0% in most areas. Using the full source file with 2.6 x 10° entries brings no substantial
improvement in the results (see figure 4.1). It can be concluded that for small volume
targets a source file of size 10° is sufficient. If the method is applied to large models,
e.g., in reactor simulations, a much larger source file has to be generated because of the
much larger phase space.

In addition, the neutron spectrum is recorded throughout the volume with the help
of a volume-based flux tally for all source files and the full deuteron simulation, see
figure B.8 in the appendix. The spectra match except some tiny deviations in the last

two bins in the high energy regime.

Performance The gain in computation time by using a source file is determined for
the target geometry, which is presented in section 4.1.3, and protons as source particles.

A certain amount of time is gained for each history when using the source file because
the proton transport is skipped. It must also be taken into account that only a small
fraction of the protons generates neutrons at all. In addition, the read-in time of the
source file can have a negative impact on the performance, depending on its size. All
these effects mean that the speedup by using the source file strongly dependent on the
geometry. For this reason, two benchmark studies are conducted, one study without
moderator and one with a cylindrical beryllium moderator (r = 31 cm, h = 41 cm).

All calculations are performed on an Intel Xeon E5-2680 with 2.7 GHz and 2 GB RAM

single-threaded with only one process so that the communication overhead of MPI and
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OMP does not distort the results. In both cases (source file with 2 x 10° entries and
protons) several simulations are performed with different numbers of starting particles
nps. Since only the generated primary neutrons are relevant, the nps values of the

protons must be multiplied by 0.05897 */p according to table 4.2. A linear fit of the form
nprim(t> =b+at

is performed where a denotes the number of primary neutrons per second. The initial-
ization time of the simulations is given by tinit = —V/a whereby the read-in time of the
source file is determined by subtracting the initialization time of the proton simulation
from the initialization time of the source file simulation. Results are depicted in figure

4.2 and listed in table 4.1.

only target source file protons
a[1/s] 7.43 x10* £+ 96.91 (0.13%) 19.25 £ 0.01 (0.05%)
b —4.82x10° £+ 1.05x 10° (21.75%) —98.55 +18.27 (18.54%)
tinit [S] 6.49 +1.40 (21.62%) 5.12 £0.95 (18.49%)
with moderator source file protons
a[1/s] 2714.61 £ 2.55 (0.09%) 18.86 £ 0.01 (0.05%)
b —32138.8 £ 23530 (73.22%) —193.72 +138.30 (71.38%)
tinit [5] 11.84 + 8.66 (73.13%) 10.27 +7.33 (71.33%)

Table 4.1.: Fit parameters and their standard deviation of benchmark simulations with a neutron

source file and protons, respectively, for both simulation models.

For the configuration without the moderator 7.4 x 10* primary neutrons can be calcu-
lated per second using the source file, while only 19.1 primary neutrons are calculated
per second when protons are used as source particles. The speedup for this configu-
ration is therefore 3860. The read-in time of the source file amounts to 1.37 s. For the
configuration with moderator the speedup amounts to 144 and the read-in time of the
source file to 1.57 s. The read-in times of the source file for both configurations show
good agreement. However, it must be taken into account, that for simulations with
protons as initial particles additional cross section libraries are loaded by MCNP. The

true value of the read-in time for the source file is thus even a bit lower.
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Figure 4.2.: Number of histories depending on computation time (one process, single threaded)
for protons (E = 50 MeV) as source particles and usage of a corresponding source file (red) and

linear fit for both configurations.

It is noticeable from figure 4.2 that the curves for the two configurations using protons
are nearly identical. Therefore, it is evident that the fraction of neutrons in the mean
total runtime is relatively low compared to the protons even when using low-absorbing
beryllium (cf. section 2.3.1). It must also be noted that only in 5.8% of the histories
neutrons are produced at all. From this it can be concluded that the speedup will be
significantly larger by using a source file for simulation models with even lower proton

energy.

4.1.2. Projectiles & Target Materials

As mentioned in section 4.1.1, the source files generated with the PTRAC method can be
applied to study the properties of the primary neutrons, which are the neutron yield
per initial ion, their spectrum, their angular distribution and brilliance, respectively, the
angularly resolved spectrum, and the spatial distribution. Since single-event data is

stored in the PTRAC files, a binning has to be performed to determine the corresponding
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frequency distributions. For this purpose a JAVA program is developed by [98] that
can bin the data in two dimensions, for example energy E and flight direction u, v or
w. The binning tool is used whenever a frequency distribution is created by means of
particle data derived with PTRAC. A detailed explanation of the source code is found in

appendix C.2.

4.1.2.1. Neutron Yields for Different Ions and Targets

Source files are generated for different combinations of ions, targets and incident ion
energies for which the associated neutron yields can be determined. This approach is
independent of the target geometry (as long as the target is larger than the penetration
depth of the ions), since the primary neutrons are tracked directly at the source and not,
for example, by a tally on the target surface.

Results are listed in table 4.2. For protons on beryllium the simulations are performed
using the ENDF/B-VIIL.1 database and in further simulations with the TENDL-2014
database, see section 2.5.4. It is evident that a large discrepancy occurs between the two
databases. Using TENDL data neutron production is underestimated by a factor of 3
for energies of 50 MeV and below. For higher energies the discrepancy is decreasing. A
comparison with experimental data demonstrates that the ENDF data reproduces the
neutron yield with good agreement. This is further discussed later on. Further simula-
tions on the neutron yield from protons using also TENDL-2015 data are conducted by
[99] and depicted in figure B.4 in the appendix.

For deuterons only TENDL data is available. However, the resulting neutron yield is
close to the neutron yield from protons calculated with ENDF. From a physical point of
view this is questionable because deuterons bring their own neutron so that additional
reaction channels with neutrons in the final state are possible as discussed in section 2.2.1.
It is therefore assumed that the TENDL data underestimates the neutron production
not only for protons but also for deuterons. To elucidate this issue experiments with
protons and deuterons at the ring accelerator COSY [54] or others are planned. Figure
4.3 shows the yields of protons and deuterons impinging on beryllium for incident
energies between 5 MeV and 100 MeV. Additionally the empirical formula based on the
measurements of [100] are plotted for the investigated energy range (23 MeV — 80 MeV).

As the energy-dependent neutron yield calculated using ENDF is in good agreement
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Figure 4.3.: Neutron yields of protons and deuterons on beryllium in dependence to the ion
energy. Calculations are performed with ENDF/B-VIL.1 for protons and with TENDL-2014 for

protons and deuterons. An empirical curve derived from measurements of Tilquin et. al is also
included [100].

with the experimental results, this dataset is used for all further simulations with protons

if not stated otherwise.

Lithium is also being investigated as a target material, as it offers two major advantages
over beryllium. First, the spectrum of neutrons produced is remarkably softer for low
proton energies, as can be seen in figure 4.4. In addition, the target can be designed
with liquid lithium. Thus the deposited heat load can be dissipated significantly better
[101-103]. However, the low overall neutron yield should only be accepted if thermal or
epithermal neutrons with ultra-short pulses are strictly required by the experiments.

An alternative to neutron production with ions and light metals is the bombardment
of heavy metal targets with electrons. When high-energy electrons pass through high-Z
materials, intense Bremsstrahlung is produced, which in turn undergo photonuclear
interactions resulting in the generation of neutrons. Investigations are presented in [104,

105] with the results summarized in table 4.2. At high energies the neutron yield is
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Figure 4.4.: Spectra of primary neutrons for protons with different energies impinging on lithium.

Mean energies are 0.35MeV, 1.43 MeV, 3.31 MeV, and 4.77 MeV for increasing proton energy.

comparable to the ion-beryllium interaction. A disadvantage is that the neutron yield
increases only linearly with the energy, so that the number of neutrons produced per
accelerator power is almost constant above 50 MeV. Another serious drawback is the
very high gamma background. Not only for reasons of radiation protection, but also
especially for neutron scattering experiments, a comprehensive shielding is required
which counteracts the low purchase costs of the accelerator. The simulation results show
that a strong activation of the target is also to be expected so that the disposal of targets
after EOL could be problematic and cost-intensive. When uranium is used for the target,
plutonium is bred, which leads to considerable additional work on the compliance to

the Treaty on the Non-Proliferation of Nuclear Weapons (NPT).

In the following sections the properties of the primary neutrons produced by 50 MeV

protons and 25 MeV deuterons impinging on a bulk beryllium target are discussed in
detail.

— 88 —



Institute NET, RWTH Aachen

4.1. Target Development

E [MeV] Dataset n/njon n/s/uA n/s/kW

ENDF  0.049% 3.04x10° 6.08x101

5 TENDL 0015% 949x10% 1.90x10!!

ENDF 0.339% 2.12x1010 2.12x10'2

10 TENDL  0110% 686x10° 6.86x 10!

ENDF 2.195% 1.37x1011  5.48x1012

25 TENDL  0638% 3.98x1010 1591012

p = Be ENDF  6211% 3.88x10!1 7.75x1012
0 TENDL  2597% 1.62x101  3.24x1012

ENDF  10.004% 6.24x101! 7.81x10'2

80 TENDL 6537% 4.08x10!! 510x1012

ENDF 12.533% 7.82x1011 7.82x102

100 TeNDL  9.791% 61110 6.11x10'2

5 TENDL 0.063% 3.94x10° 7.89x10%!

10 TENDL 0.265% 1.65x100 1.65x10'2

d — Be 25 TENDL  1.608% 1.00x10'! 4.02x10'2
50 TENDL 5.724% 3.57x101  7.15x1012

100 TENDL 19.602% 1.22x10'2 1.22x1013

TENDL  0.002% 1.02x10® 5.11x1010

TENDL  0.050% 3.15x10° 6.30x 101

p—Li 10 TENDL  0.164% 1.02x10° 1.03x10'2
25 TENDL 0471% 2.94x10° 1.18x10!2

20 0.396% 2.47x100 1.24x10'2

50 2.520% 1.57x10 3.15x10!2

e U 100 5.695% 3.55x 101  3.56x10'2
150 8.710% 5.44x10'1 3.62x10'2

200 11.861% 7.40x10' 3.70x10!2

e — Ta 50 1.400% 8.74x1010 1.75x1012
e—>W 50 1.500% 9.36x100 1.87x10!2

Table 4.2.: Neutron yields of different ion-target combinations depending on the energy of
the incoming ions calculated with TENDL-2014 and ENDF/B-VIL1, respectively. The data for

electrons is taken from [105].
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4.1.2.2. Protons with 50 MeV on Beryllium

The same setup is used as described in section 4.1.1 for validation of the PTRAC approach.
The ENDF/B-VIL1 dataset is used for the proton and neutron cross section data if not

stated otherwise.

Spectra of the Primary Neutrons The spectrum of the primary neutrons is depicted
in figure 4.5. Calculations are performed not only with ENDF/B-VIL.1 but also with
TENDL-2014 to allow for a deeper investigation of the discrepancy observed in the
neutron yields, cf. table 4.2.

According to the results the spectrum is soft compared to the spectrum produced
by laser-induced ion acceleration (cf. figure 3.3a) having a mean energy of 11 MeV
(ENDF/B-VIL1). Energies above 50 MeV are kinematically forbidden. The maximum
flux is reached at 1.1 MeV. Between 2.5 MeV and 5MeV the spectrum exhibits a plateau
which is half as high as the maximum which presumably arises from additional reaction
channels being established above a specific threshold energy. In case of using TENDL,
the spectrum is significantly lower, with the total number of neutrons produced being
a factor of 2.4 below that of ENDF-based calculations. Interestingly, the maximum
of the spectrum occurs at 3.3 MeV; at the same location of the plateau of the ENDF
spectrum. For decreasing energy, the spectrum also decreases strictly monotonously, in
contrast to the spectrum produced using ENDF. This suggests that in the TENDL data
the reaction channels leading to the production of neutrons with lower energies around

the maximum of the ENDF spectrum are not taken into account.

Angular Distribution of the Primary Neutrons The angular distribution of the pri-
mary neutrons is depicted in figure 4.6. Calculations are performed with ENDF and
TENDL. The angular distribution is measured with respect to the flight direction of the
incident proton beam.

Neutron-producing reactions of protons are compound nucleus reactions where the
reaction products have no predominant direction. However, this only holds for the
center of mass system of the incident proton and the target nucleus at rest. For this
reason the primary neutrons are strongly forward-directed [64, 106, 107]. The angular

distribution in the case of using TENDL, however, is much flatter. The ratio of the
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Figure 4.5.: Primary neutron spectrum calculated with ENDF/B-VIL.1 and TENDL-2014 data
sets. The mean energy amounts to 10.97 MeV and 8.11 MeV, respectively.

forward-directed neutrons to the rear-facing neutrons amounts to 10.0 for ENDF and
to 4.9 for TENDL. It can be concluded that, when TENDL is used, not only the overall
yield is underestimated, but also the directional characteristic of the primary neutrons.

Apart from the absolute spectrum in figure 4.5 and the angular distribution shown
here, also the angular dependence of the spectrum is relevant for the target design. Using
the aforementioned binning tool, the PTRAC data are binned in two dimensions, namely
in E and w (cosine of the angle between flight direction and z-axis). The results are
shown in figure 4.7. In the forward direction, the spectrum exhibits a global maximum
at 1.5 MeV and a second, local maximum at 6.1 MeV. As the angle increases, both maxima
are shifted towards lower energies, but the global maximum much stronger. The local
maximum shifts within a narrow energy band and does not form a maximum in the
integrated spectrum but a plateau as shown in figure 4.5. Taking the logarithmic scale
into account, it is evident that significantly less neutrons with a high emission angle
are produced, which is in accordance with the total angular distribution in figure 4.6.

The maximum energy of the generated neutrons also decreases continuously, starting at
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Figure 4.6.: Angular distribution of primary neutrons with respect to the incoming proton beam
calculated with ENDF/B-VII.1 and TENDL-2014 data sets.

49 MeV in the forward direction down to 11 MeV in the reverse direction.

Spatial Distribution and Proton Penetration As a consequence of the ion deposition
in the target accumulation of hydrogen and hence embrittlement of the target material, cf.
section 2.2.2, takes place. The PTRAC feature also allows to investigate the ion deposition.
For this purpose, the event type to be tracked is set to ter (termination). Further filtering
is not required. The definition of the PTRAC card is given in appendix C.

A first insight into the results is given in the form of the scatter plot in figure 4.8.
It shows the positions of individual proton termination events and additionally the
birthplaces of the primary neutrons in the x-z plane. Due to the rotational symmetry
of the problem, the y-direction can be neglected. The maximum penetration depth of
the protons amounts to 15.2 mm which is in good agreement with calculation results
obtained with SRIM-2013.00 (14.6 mm). The pencil beam of protons is broadened due to

elastic scattering in the material. Most events occur in a cylinder with radius 0.6 mm on
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Figure 4.7.: Heat map of the primary neutron spectrum in dependence to the emission angle
with respect to the proton beam. This is a logarithmic plot to emphasize the two maxima which
are also visible in the integrated spectrum in figure 4.5. The darkest blue tone corresponds to a

value of 0.

the z-axis.

Based on the scatter plot of the single-event data no information about the frequency
distribution of the positions is obtained. By applying a binning the number of protons
deposited per line segment and the number of neutrons produced can be determined as
given by figure 4.9. Based on the characteristic shape of the stopping power (—dE/dz)
of protons in beryllium a distinct Bragg peak can be seen at 1.47 cm. Remarkably, the
neutron production profile is very flat along the entire path of the protons up to their
Bragg peak. If the data is presented cumulative and normalized to 100%, as shown
in figure 4.9b, the impact on the neutron yield of changing the target thickness can be
very well estimated. It is evident that, for example, at 1.4 cm of target thickness 10%
neutrons are lost, while only 9% of protons are deposited. With respect to hydrogen

embrittlement due to proton deposition, the life time of the target can be increased
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Figure 4.8.: Scatterplot of neutron production (red) and proton termination (blue) events in

beryllium projected onto the z-x-plane for an initial proton energy of 50 MeV.
significantly by limiting the target thickness [50-53], see section 2.2.2.

4.1.2.3. Deuterons with 25 MeV on Beryllium

The same setup is used as described in section 4.1.1 for validation of the PTRAC approach.
The simulations are performed using MCUNED in combination with the TENDL-2014
data.

Spectra of the Primary Neutrons The spectrum of the primary neutrons produced by
25MeV deuterons is depicted in figure 4.10. Calculations are performed not only with
MCUNED but also with MCNP6.1. The results are in very good agreement.

The maximum value occurs at an energy of 3.2 MeV while the mean energy amounts
to 5.9 MeV. In contrast to the primary neutron spectrum when using ENDF for 50 MeV
protons, the shape of the spectrum is very smooth, which may be due to the fact that
the interaction between the deuteron and the nucleus in the TENDL data is strongly
idealized. It is conceivable that the real spectrum may also contain additional local

maxima, which arise from additional reaction channels.
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(b) Cumulative relative representation.

Figure 4.9.: Neutron production and proton termination in dependence to the depth inside a

beryllium bulk target for 50 MeV protons.

Angular Distribution of the Primary Neutrons The angular distribution of the pri-
mary neutrons is depicted in figure 4.11. In addition to the compound-core reactions,
direct nuclear reactions such as stripping and break-up of the deuterons occur in the

coulomb field of the target atom nuclei. These reactions are strongly forward-directed
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Figure 4.10.: Spectrum of primary neutrons normalized to one initial deuteron. Values are
calculated with MCNPx+MCUNED and MCNP6.1, both with the TENDL-2014 database. The

mean energy amounts to 5.89 MeV.

as discussed in section 2.2. For the angular distribution shown here the ratio of the
forward-directed neutrons to the backwardly emitted neutrons amounts to 3.2. Despite
the additional reaction channels, in which the neutrons are preferably emitted forwardly,
this ratio is significantly lower than for 50 MeV protons, see figure 4.6. As for protons,
however, it is also assumed that TENDL underestimates the directional characteristics

of the primary neutrons also for deuterons.

The angular dependence of the spectrum is shown as a surface plot in figure 4.12a
and as a heat map in figure 4.12b. Since the shape is less steep than for 50 MeV protons,
the plots are shown linearly in favor of better readability. The maximum of the spectrum
in the forward direction occurs at an Energy of 5.8 MeV and in the backward direction
at 2.5MeV. Thus, the dependency of the maximum flux value to the emission angle
is relatively weak. As for the 50 MeV protons, the maximum energy of the neutrons
emitted backwardly amounts to 10 MeV and in the forward direction to 25 MeV, which

is the maximum energy kinematically allowed.
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Figure 4.11.: Angular distribution of primary neutrons with respect to the incoming deuteron

beam.

Spatial Distribution and Deuteron Penetration The scatterplot can be seen in figure
4.13. The maximum penetration depth of the deuterons amounts to 2.5 mm which is in
good agreement with calculation results obtained with SRIM-2013.00 (2.4 mm). Most
events occur in a cylinder with radius 0.25 mm on the z-axis.

The distribution of events depending on the penetration depth in beryllium is depicted
in figure 4.14. Based on the characteristic shape of the stopping power (—dE/dz) of
charged ions in bulk materials a distinct Bragg peak can be seen at 2.4 mm. In the case
of 25 MeV deuterons, the ion deposition and the neutron production are almost constant
up to the Bragg peak than for 50 MeV protons In addition, the Bragg peak is significantly
narrower. This is evident when comparing the cumulative plots in figure 4.9b and 4.14b.
For 25MeV a reasonable choice of the target layer thickness would be 2.25mm up to
which 0.2% of all deuterons are deposited, while only 2% of neutrons are lost. In this
respect, deuterons are to be preferred over protons because the neutron loss due to

limitation of the target thickness is much lower than for protons.
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Figure 4.12.: Spectrum of primary neutrons in dependence to the emission angle with respect to

the deuteron beam.
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Figure 4.13.: Scatterplot of neutron production (red) and deuteron termination (blue) events in

beryllium projected onto the z-x-plane for an initial deuteron energy of 25 MeV.

4.1.3. Target Shape & Geometry

The following sections describes the approach and the results aiming at designing the
target in detail. These include the geometric shape of the target as well as the selection
of materials for the irradiated layer and the backing plate.

Due to the vague situation regarding the cross section data of deuterons, the following
simulations concern a 50 MeV proton accelerator. The accelerator power is chosen to be
100 kW providing a good neutron yield and keeping reasonable target dimensions. The
active surface of the target amounts to 100 cm? resulting in a surface power density of
1kW/cm? which is considered as the upper limit for water-cooled devices [108-112].
Nonetheless the target should be as compact as possible in order to keep the maximum
value of the thermal neutron flux in the moderator as high as possible (cf. section 3.4).
For this reason the active target material is not shaped as a plane layer. Instead, the target
layer is divided into two parts which are arranged like a wedge as depicted in figure 4.15.
This idea is adopted from studies on the development of an accelerator-based BNCT
facility at Legnaro, Italy [113, 114].

The smallest cube which may encompass the irradiated surface of the wedge has an
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Figure 4.14.: Neutron production and deuteron termination depending on the depth inside a

beryllium bulk target for 25 MeV deuterons.

edge length of 6.7 cm. This results in the opening angle of the wedge to be x = 53.2°.
As the angle between proton beam and wedge surface is given by #/2 = 26.6° and the
optimum proton path length in beryllium amounts to 1.4 cm according to section 4.1.2.2,
figure 4.9a. Thus, the beryllium layer thickness is calculated to be dge = 1.4cm - sin#/2 =

0.626 cm. The thickness of the backing plate is chosen to be 1 cm. Accordingly, the outer
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target dimensions are d, = 8.9cm, d, = 7.5cm, and d; = 9.6 cm. The inlet and outlet
pipes (router = 0.3cm and rinper = 0.25cm) of the cooling circuit are attached on the
outward corners of the wedge (negative z-direction) to the backing plate, as can be seen
in figure 4.15. Explicit modeling of the cooling tubes in the backing plate is omitted
for simplicity. Instead, the coolant is assumed to be distributed homogeneously in the
material of the backing plate with a volume fraction of 20%. This approach has no
significant influence on the neutronic performance of the target-moderator-reflector

assembly.

» )
® ®
(a) Cut in the z-x-plane. (b) Cut in the x-y-plane.

Figure 4.15.: Simulation model of the wedge target embedded by a beryllium moderator.

Also a planar target with a surface area of 10 x 10 cm? is examined. The thickness of the
beryllium layer amounts to 1.4 cm and of the backing plate to 1 cm. The inlet and outlet
pipes of the cooling circuit are omitted and the coolant is homogeneously distributed
in the backing plate with a volume fraction of 20%. For comparative simulations the
planar target and the wedge target are investigated by means of the maximum value of
the thermal neutron flux when embedded inside a cylindrical light water moderator
with radius » = 20 cm and height # = 30 cm. The flux distribution is recorded by a mesh
tally over the whole geometry with a resolution of 0.5 cm. Results and geometry are
depicted in figure 4.16 and table 4.3, respectively.

Surprisingly, the planar target delivers a higher maximum value of the thermal flux.
This can be understood by considering the shape of the thermal neutron cloud (dark

red region in figure 4.16) which looks like a kidney clung to the wedge target while the
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cloud for the planar target is more compact, and thus leads to a higher maximum flux
value.

For this reason a further target design is taken into consideration which is basically a
reverse wedge geometry. The idea is to prevent the target wedge tip from penetrating
the thermal neutron cloud but instead to envelop the cloud with the target halves.
The geometry is depicted in figure 4.17a and the corresponding thermal neutron flux
distribution when embedded inside the aforementioned light water moderator is given
in figure 4.17b. Although the planar target and the reverse wedge target deliver slightly
higher thermal neutron fluxes in the moderator, the original wedge design is used for
all subsequent simulations, because the implementation of multiple beamlines and
multiple flux channels, respectively, is substantially more difficult for the other designs

for reasons of space.

target shape O [slem2pATl] 0y (PRX)  gain

wedge 8.35x 108 0.9% -
planar 9.05x10% 1.2% +8%
reverse wedge 8.79 x 108 0.9% +5%

Table 4.3.: Maximum thermal flux, its relative error, and the gain in thermal flux with respect to

the wedge inside a light water moderator with wedge, planar, and reverse wedge target.

4.1.4. Materials

The same approach is followed as at RANS: the irradiated beryllium is placed on a
backing plate, which absorbs the deposited ions. Simulation studies are performed to
investigate the impact of choosing different coolants as well as different backing plate

materials. Results are explained hereafter.

Influence of Different Cooling Media Water is a typical coolant. Additionally, also
gallium or eutectic gallium alloys can be used, which can remove an amount of heat
approximately three times as large, due to its higher thermal conductivity [108, 115]. The
structure of a gallium cooling device is more complex, though commercially available.

Liquid gallium is compatible with stainless steels, titanium, beryllium, and water but is
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(a) Wedge target. (b) Planar target.

Figure 4.16.: Thermal flux distribution and maximum values in light water-based moderators

with different target shapes.

(a) Simulation model. (b) Thermal flux distribution

and maximum value.

Figure 4.17.: Reverse wedge target design embedded in a light water moderator.

corrosive against some metals, e.g., aluminum [108]. Besides water and pure gallium,
an eutectic alloy of 75% gallium and 25% indium and an alloy called Galinstan (68.5%
Ga + 21.5% In + 10% Sn) [116] are also investigated. The coolant is homogeneously
distributed in the backing plate with a volume fraction of 20%. Comparison is done by
means of the maximum and average thermal flux inside a big (* = 100 cm, | = 200 cm)

and a small (* = 20cm, [ = 30 cm) H,O moderator.
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According to the results given in figure 4.18 there are virtually no differences between
water and pure gallium. For the two eutectic alloys the maximum thermal flux is about
5% lower. The average flux throughout the whole moderator volume is less than 1%
lower which is explained by the relatively high absorption cross section of indium.
Therefore, the absorption cross section of the alloys is an order of magnitude larger in

the thermal region than that of gallium as presented in figure A.3 in the appendix.

Parameter H>,O Ga 75% Ga, 25% In  Galinstan
o [g cm ] 1 5.9[117] 6[118] 6.44 [119]
Tmet  [°C] 0 29.8 [117] 15.5[118,120] -19.5 [116]
Toon  [°C] 100 2400 [121] >1300 [119]
Athermal [Wm™1K71 0.6  29[117] 16.5 [119]

Table 4.4.: Density, melting and boiling temperature, and thermal conductivity of cooling media

considered for simulation.
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Figure 4.18.: Thermal neutron flux for different coolants in the backing plate of the wedge target

for a cylindrical beryllium moderator of two different sizes.

Target Backing Materials Besides of aforementioned vanadium, also niobium, tita-
nium, palladium, and platinum are suitable materials for the backing plate as discussed

in section 2.2.2. These materials are investigated by means of the maximum and average
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thermal flux inside a big (r = 100cm, I = 200 cm) and a small (r = 20cm, [ = 30 cm)

H,O moderator. The cooling water is homogeneously distributed in the backing plate

with a volume fraction of 20%.

The influence of the backing plate material is relatively low, as indicated by fig-
ure 4.19. Regarding neutronic performance platinum is preferable. Apart from the
volume-averaged flux for small moderators the advantage over niobium and zirconium
is negligible. When using vanadium flux values are about 5% — 10% lower which can
be explained by the the shape of the cross section given in figure A.4 in the appendix.
The resonance region of vanadium extends up to 5MeV and has very broad peaks at
energies around 10 keV. Therefore, a lot of fast and epithermal neutrons are absorbed in
the backing plate, because in the vicinity of the target the flux of fast and epithermal
neutrons is relatively high. Since it has been used for the target of RANS, vanadium
is also used in all further simulations as backing plate material and can therefore be
regarded as a conservative case. Different fractions of cooling water in the backing plate
are also investigated. As for 10%, 30%, and 40% no noteworthy impact is observed the

plot are given in figure B.5 in the appendix.
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Figure 4.19.: Thermal neutron flux for different target backing materials in a cylindrical beryllium

moderator of two different sizes.
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4.2. Moderator Development

The influence of the target design is always studied with compact and quasi-infinite light
water moderators. In order to optimize the moderator itself, the wedge target design
described in subsection 4.1.3 is used. Vanadium with cooling water with a volume
fraction of 20% is employed as the backing plate material. First, typical moderator
materials are investigated. Subsequently, the outer shape of the moderator is optimized.
Based on these two studies, a moderator will be developed, which is a combination of
different materials. Subsequently flux fingers are implemented in the moderator system,
which are partly provided in a further step with cold moderators based on parahydrogen

and methane.

4.2.1. Choice of Moderator Materials

The mechanism of moderation is already outlined in section 2.3. Typical moderator
materials therefore exhibit a very high elastic scattering cross section, the largest possible
energy transfer per collision and thus the lowest possible nuclear mass, and a very low
absorption cross section.

Apart from the theoretical considerations, the following materials were tested for
suitability as a moderator with MCNP: light water, heavy water, beryllium, graphite
and polyethylene. Compact and quasi-infinite cylindrical moderators comprising these
materials are investigated concerning the maximum thermal flux and the volume-aver-
aged flux. The results are depicted in figure 4.20. For the hydrogen-based moderators
based on H,O and PE the maximum flux of thermal neutrons is identical for both
volumes and is already saturated even in small volumes due to the high slowing-down
power. The volume-averaged flux for small volumes is larger by two orders of magnitude
than for large volumes due to the relatively high absorption cross section of hydrogen.

Heavy water offers a lower slowing-down power, which is why the maximum flux is
significantly lower for the small configuration. The average flux is nearly identical for
both volumes because of the extremely small absorption cross section.

The behavior of the beryllium moderators is comparable to the moderators of heavy
water. However, due to the high (n,xn) cross section higher thermal fluxes are achieved.
The absorption cross section is slightly higher than that of heavy water, which is why the

volume-averaged flux is almost one order of magnitude higher in the small moderator
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Figure 4.20.: Thermal neutron flux for different moderator materials with cylindrical shape of

two different sizes.

than in the large one.

Graphite offers a very low maximum thermal flux even for large volumes because
of its low slowing-down power. However, due to the extremely small absorption cross
section, cf. figure A.1 in the appendix, a high average flux can be achieved at least with

a large volume.

4.2.2. Target Position

It can be assumed that a significant amount of fast neutrons is backscattered in the first
layer of the moderator after leaving the target and is therefore lost. This leakage can be
reduced by enclosing the target by the moderator material as completely as possible. In
a parametric study the maximum value of the thermal flux is determined for different
positions in the moderator. Figure 4.21 show the corresponding simulation model and
the calculated flux distribution of thermal neutrons. This is again done for a compact
and a quasi-infinite beryllium moderator. The results are summarized in diagram 4.22.

Self-evidently, the leakage of neutrons is the larger, the farther the target is located
from the moderator. Consequently, the configuration presented in figure 4.21a exhibits
the lowest maximum thermal flux. Compared to this, the maximum value of the thermal
flux is twice as high if the target is located in the moderator so far that both flanks are just

now enclosed by moderator material as depicted in figure 4.21b. If the target is further
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Figure 4.21.: Simulation model and flux distribution of thermal neutrons of a cylindrical beryl-
lium moderator with a volume of 50 dm® and different positions of the wedge target. Unit of the
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Figure 4.22.: Maximum thermal flux of a small and a quasi-infinite beryllium moderator de-
pending on the target position. -9.71 cm corresponds to the position depicted in figure 4.21a and

0 cm corresponds to figure 4.21b.

moved in, the maximum value of the thermal flux no longer increases significantly.
The average flux however continues to increase. The reason is that the area of high
thermal fluxes is shifted to the center of the moderator for deeper target positions,
which is evident from figure 4.21. Therefore, the thermal flux in peripheral areas is
also significantly larger leading to a much higher average flux for the whole volume.

In contrast the maximum value for target positions larger than 6 cm remains almost
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constant.
Since configurations in which the target is completely enclosed by the moderator are
very difficult to realize from a mechanical engineering point of view, the configuration

with target position 0 cm is used in all further studies if not stated otherwise.

4.2.3. Shape, Dimensions & Geometry

In section 3.3.1 the effect of choosing different shapes (sphere, cylinder, cap, ellipsoid,
and cone) for a compact moderator of a laser-driven device are investigated. The highest
thermal neutron flux is achieved in a cap configuration, which consists of a cylinder and
a superimposed half-sphere, and cylindrical moderators. Hence these two shapes are
taken into consideration for the optimization study regarding the moderator dimensions
for a 50 MeV CANS.

Parameter studies are performed in which the maximum value of the thermal flux
distribution is determined in dependence on the moderator volume. The investigations
are carried out for polyethylene, beryllium, and graphite. Since the volume depends
on two parameters, namely the radius r and the height &, both parameters are varied
independently. The results are shown in figure 4.23. For each point in the diagram only
the flux value of the optimum combination of » and & is shown. Since the materials
investigated in section 4.2.1 exhibit different moderation times and lengths, cf. section
2.3 there is a quite large dependence on the dimensions of the moderator. For this reason,
the optimum geometries for polyethylene, beryllium, and graphite are determined.

For each of the materials the maximum thermal flux becomes saturated above a
certain moderator volume. For polyethylene saturation is reached with a flux value
of 1.1x10° em~2s~! pA~1 already at a volume of about 15 dm? due to the extremely large
slowing-down power. With beryllium the maximum flux amountsto 1.2 x 10° cm 2 s~ nA~!
which is achieved above a volume of about 500 dm> (the maximum value of polyethy-
lene is met at a beryllium volume of 200 dm?), indicating that beryllium has a better
moderating ratio despite the much lower slowing-down power. On the one hand, this is
due to the much lower absorption cross section and, on the other hand, due to the (n,2n)
reaction occurring in beryllium. With graphite very large volumes larger than 1 m3 are
required to achieve a relatively small maximum value of only 1.5x10% cm2s~! pA~1L.

Although graphite has a very low absorption cross section, the moderating ratio is sig-
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Figure 4.23.: Maximum value of the thermal flux for different moderator materials depending
on their volume. Because the volume of the underlying geometries depend on two parameters,
radius r and height &, only the optimum combination of these are chosen for each datapoint.
The results for cylindrical shapes of polyethylene and graphite are almost identical to the “cap”-

configuration.

nificantly lower than for polyethylene and beryllium because of the low slowing-down
power.

Above the saturation volume as many neutrons are absorbed, as are backscattered to
the center of the moderator. It is therefore reasonable to use a small volume moderator
of polyethylene surrounded by a reflector made of beryllium. In this case, thermal
neutrons, leaving the polyethylene, are backscattered from the beryllium without being
absorbed (which would be the case for a larger polyethylene moderator). In the next
section studies are presented in which various combinations of moderator and reflector

materials for different dimensions are treated.

4.2.4. The Onion Moderator

In the first step, a simple combination of polyethylene as a moderator and beryllium as
a reflector is examined, see figure 4.24. The dimensions are chosen such that the total

volume of moderator and reflector amounts to 200 cm®. According to figure 4.23 this is
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the volume of a pure beryllium moderator which delivers the same maximum thermal
flux, as would be possible with a polyethylene moderator. With this choice, the maximum
thermal flux in the onion moderator is therefore independent of the dimension of the
beryllium reflector. Thus, it is sufficient to vary the size of polyethylene moderator and to
keep the dimensions of the reflector constant. For simplicity, a spherical shape is chosen
for the polyethylene moderator whose center is identical with the vertex of the beryllium
layer of the target, cf. figure 4.24a. The minimum radius of the polyethylene sphere is
limited to rpg = 8.5 cm due to the dimensions of the wedge target. Hence, smaller PE
volumes can be examined only if the polyethylene is modeled as a thin layer behind the

target area as shown in figure 4.24b. In figure 4.25 the maximum thermal flux is plotted

(a) PE moderator with spherical shape (b) Wedge-shaped PE moderator to realize

smaller volumes

Figure 4.24.: Simulation model for estimating the thermal flux distribution of a moderator-
reflector assembly with the wedge target for different volumes of the PE moderator. The yellow
parts consist of beryllium, the magenta parts of vanadium, blue corresponds to water, and green

parts are made of polyethylene.

as a function of the volume of the polyethylene. Volumes up to 1.6 cm? correspond to a
polyethylene layer according to figure 4.24b; larger volumes correspond to a spherical
shape (figure 4.24a). For comparison, the curves for pure PE and Be moderators are
shown, taken from figure 4.23. Obviously, the maximum thermal flux can be significantly
increased by combining a small-volume polyethylene moderator with a large beryllium
reflector. For thicknesses < 1 cm the same maximum flux as with a pure Be moderator

is achieved. With increasing layer thickness the maximum thermal flux increases up
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to a value of 1.87x10° cm~2s~! pA~1 at a PE volume of 1 dm® which corresponds to a
layer thickness of 2.2 cm. For larger volumes the maximum flux decreases again until
the same value as that of a pure PE moderator is achieved (1.1x10°cm2s~ ! pA~1) ata
PE volume of about 10dm?>. By combining PE and beryllium, the maximum thermal
flux can therefore be increased by 68% and 56% compared to a pure PE or Be moderator,

respectively. Furthermore, the effect of an additional layer of beryllium between target
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Figure 4.25.: Value of the maximum thermal flux inside the moderator (-reflector) assembly
for a pure PE moderator, a pure Be moderator, and a PE moderator with beryllium reflector in

dependence to the volume of the PE moderator or the Be moderator, respectively.

and PE moderator is investigated. At first, the layer thickness of the first beryllium layer
is varied. Afterwards a second study is conducted in which the thickness of the PE
sphere is varied and optimized. The results for this study is represented by the orange
line in figure 4.25. It is evident that the maximum flux for those configurations is less
than that of a PE-Be assembly which is explained by the fact that although beryllium
exhibits a high (n,2n) cross section and the flux density of fast neutrons directly behind
the target is maximal, the compactness of the PE moderator is disturbed by the additional

beryllium layer such that the maximum thermal flux is lower.
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4.2.5. Flux Channels & The Finger Moderator

Up to now, the moderator has been optimized to maximize the maximum thermal flux
at its center. As already discussed in section 3.4, the thermal neutrons are to be extracted
from the flux maximum by means of flux channels. In the flux maximum, not only is
the thermal total flux significantly larger, but also the radial component of the particle
current ]; of thermal neutrons. In addition, the effective surface area from which the

neutrons are extracted is increased by the area of the inner surface of the flux channels.

Since the HBS is mainly used to investigate sam-

ples of sizes 1-10 cm?, five flux channels of radius
r = 1cm and two channels of radius r = 3 cm are
implemented into the moderator-reflector assem-

bly. The positions are selected in such a way that

the origins of the channels equally distributed in
the center of the moderator. This results in the an-
gle of incidence relative to the rotation axis of the
moderator of ¢ = 10°,45°,90°,120° for r = 1cm

and ¢ = —10°, —90° for r = 3cm. To investigate

the performance of producing cold neutrons, the

h lwithr =1 de =45°i ipped
Figure 4.26.: Simulation model of chanhel Wit cmanc ¢ 15 eqtippe

the final design with wedge target with a cold moderator consisting of parahydro-
polyethylene moderator, beryllium re- &en at a temperature of T = 20K and the channel
flector, small and large flux channels, with » = 3cm and ¢ = 90° with solid methane at
a cold parahydrogen moderator (or- T = 22K. For these radii the lengths of the cold

ange), and a solid methane moderator  moderators are I = 4cm (para) and I = 2.5cm

(salmon). (methane) based on the simulation results from
section 3.3.3, table B.1. On the basis of the final
design shown in figure 4.26, the brilliance, the temporal pulse structure as well as
the spectrum are examined. In addition, the dependencies of these quantities on the
thickness of the reflector layer as well as on the pulse structure of the accelerator are

investigated. [97]
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Multiple Flux Channels Similar to to section 3.4.4 for a laser-driven system, investiga-
tions are conducted to answer the question if multiple flux channels interfere with each
other. It would be conceivable that the peak brilliance at the channel exits is significantly
lower because, on the one hand, moderator material is lost, which is mainly due to the
loss of PE and, on the other hand, the compactness of the PE moderator is disturbed.
The fact that the latter case has a negative effect on the peak brilliance has already been
dealt with in section 4.2.4.

The behavior of a system with only two flux channels (reduced model) with r =
lem, ¢ = 90° and r = 3cm, ¢ = 10°, whereby the latter contains a cold methane
moderator, is compared to the brilliance of the same channels in the full model. The
results are shown in figure 4.27 and table 4.5. It can be seen that the peak brilliance in
the full model is lower by 5.8% for the thermal channel and by 3.9% for the cold channel.

It can be summarized that multiple channels are only slightly interfering with one

another by reducing the moderator volume.
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Figure 4.27.: Thermal and cold brilliance of the two channels in the reduced model (dashed

lines) compared to the the corresponding channels in the full model (solid lines).

Comparison with a Small Target As a supplement to the investigations of different

target geometries in section 4.1.3, a nearly point-like target is simulated to determine
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A@full Aq)reduced

_ 1
AQ IACC O-rel AQ IACC U—rel 088

finger position

r=1cm,p =90° 834x10” 3.1% 8.85x10” 2.0% -5.8%
r=3cm, ¢ =10° 546x10" 3.1% 5.68x10” 0.8% -3.9%

Table 4.5.: Thermal and cold peak brilliance for # < 1° and relative error at the flux channel

exit for full-scale model and a model with only two channels. Unit of the differential flux is
1 2

s tem~2sr~! uA L. The loss in peak brilliance is given with respect to the reduced model.

how the size of the target affects the maximum thermal flux in the moderator and the
peak brilliance at the channel exits. Similar to section 4.2.4, the maximum thermal flux
for a pure PE moderator is determined as a function of its volume, as depicted in figure

4.28a, and subsequently for a PE moderator with a beryllium reflector, for which the

outer dimensions are adjusted to give the moderator assembly a total volume of 200 dm?,

D>

(a) Pure PE moderator (b) PE moderator with

see figure 4.28b.

beryllium reflector

Figure 4.28.: Simulation model for estimating the thermal flux distribution of a moderator

(-reflector) assembly with a point-like target for different volumes of the PE moderator.

Results are shown in figure 4.29 together with the maximum thermal flux for a mod-
erator assembly with a wedge target. With a pure PE moderator the saturation of the
maximum thermal is reached at V = 10dm?® of PE with a value of ®3% = 3.25 x
10°cm~2s~! uA~1, which is a factor of 2.95 larger than for the assembly with wedge
target (OF™ = 1.1 x 10°ecm—2s~ 1 pA—h).
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Figure 4.29.: Value of the maximum thermal flux inside the moderator (-reflector) assembly for
a pure PE moderator, a PE moderator with beryllium reflector and both configurations with a

small target in dependence to the volume of the PE moderator.

For the polyethylene moderator with beryllium reflector the maximum value of the
maximum thermal flux is reached at a PE volume of V = 0.3 dm? with @™ = 5.0 x
10 cm~2s~! uA~! which is a factor of 2.66 larger than for the assembly with wedge
target (PI™ = 1.9x10° cm ™2~ pA~!). Interestingly, the volume needed to reach the
maximum value is much lower compared to the wedge assembly. This is due to the
fact, that the PE moderator is much more compact with a point-like target so that the
optimum PE volume is lower. On the basis of the results shown, it is to be expected that
not only the thermal flux in the moderator but also the peak brilliance at the channel

exits is significantly higher with point-shaped targets.

In simulations using the geometry depicted in figure 4.30 the brilliance at the chan-
nel exits are determined. The results are shown in figure 4.31 which also encom-
passes the brilliance of the configuration with a wedge target according to figure
4.26. The values of the peak brilliance in forward-direction are additionally summa-

rized in table 4.6. The largest deviation of 64% occurs at the channel ¥ = 1cm, ¢ =
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120° whereas the channel » = 3cm, ¢ = 10° exhibits the lowest deviation of 9%.

Figure 4.30.: Simulation model with a

minimum target and flux channels.

The deviation of the peak brilliance between
the point-like target and the wedge target is less
pronounced than their deviation in the maximum
thermal flux since the thermal flux maximum in
the moderator is higher but spatially more concen-
trated for the point-like target. Additionally, the
gradient of the thermal flux is higher around the
maximum which is why the thermal flux at the

bottom of the channels is only slightly higher.

A configuration where the flux channel’s ori-
gins are located on the surface of the polyethylene
sphere and not at the thermal flux maximum inside

the PE moderator is investigate. For this setup the

peak brilliance at the channel exits is reduced by 10% to 40% depending on the channel

as indicated by figure B.6. This approach is therefore not pursued in further studies.

Adwedge Adpoint

channel position

AQ) IACC

Orel gain

AQ IACC Orel

r=1cm,¢=10° 831x107 19% 1.02x10% 2.6% 23.1%
r=1cm, =45 832x107 1.8% 9.34x10" 2.6% 12.3%
r=1cm,p =90° 8.62x10" 1.9% 1.15x108 24% 33.3%
r=1cm, ¢ =120° 590x10" 23% 9.67x10" 2.7% 63.7%
r=3cm,¢=10° 536x107 0.8% 582x10" 11% 85%
r=3cm,9=90° 6.01x10" 0.8% 843x10" 1.0% 40.1%

Table 4.6.: Thermal and cold peak brilliance for § < 1° and relative error at the flux channel exit

for a model with wedge target and a model with a point-like target. Unit of the differential flux

2.1

iscm =251 sr! pA~L. The gain in peak brilliance by usage of a point-like target is given with

respect to the full model.
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Figure 4.31.: Thermal or cold brilliance, respectively, at the channel exits of the full model with

wedge target (solid lines) and for a point-like target (dashed lines).

4.2.5.1. Spectra

Based on the simulation model in figure 4.26, the most important performance parame-
ters of the Finger Moderator are determined. These include the spectra of the neutrons
being extracted, as well as the brilliance and the pulse structure at the channel exits. The
spectra of the neutrons passing through the exits of the channels are shown in figure 4.32.
The upper plot extends over the full energy range, whereas the lower plot highlights the
cold and thermal energy range indicated by dashed lines in both diagrams. The absolute
flux values, which are integrated over the specified energy ranges, are summarized in
table 4.7.

When looking at the spectra at the cold channel exits, it is noticeable that the peaks are
positioned at different energies. The spectrum of the channel with parahydrogen reaches
its maximum at an energy of 5.2 meV, which corresponds to a temperature of 60 K. Since
the parahydrogen is maintained at a temperature of 20K, the generated neutrons are
considered undermoderated. The spectrum at the cold channel with solid methane

exhibits a smooth maximum at an energy of 2.2 meV corresponding to a temperature
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of 25K. The neutrons are therefore in thermal equilibrium with the methane, whose
temperature amounts to 22 K. Since the decrease of the spectrum of parahydrogen
towards lower energies is relatively flat and the maximum appears at higher energies,
the total flux at the corresponding channel exit is higher than that of methane ice
(7 x10*em=2s ' pA~1 vs. 513 x 10*cm 25! nA~1). In addition, the parahydrogen
moderator still has a fairly large background of thermal neutrons making it suitable for

experiments working with bi-spectral neutron beams, e.g., chopper spectrometers [122,
123].
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Figure 4.32.: Spectra of neutrons leaving the channels in forward direction (6 < 1°).
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The shape of the spectra of the thermal flux channels are almost identical. For the two
channels with 7 = 1cm, ¢ = 10° and r = 1cm, ¢ = 90°, respectively, the total thermal

2571 tA~!, whereas with the channels

flux approximately amounts to 7.7 x 10*cm™
r=1cm,p = 120° and r = 3cm, ¢ = 90° a thermal flux of 5.9 x 10*cm 257! pA 1 is
achieved. It should be noted that the pure yield of thermal neutrons at the exit of the
latter channel is significantly higher, since a much larger area has to be integrated over.
The low flux at the channel with r = 1 cm, ¢ = 120° can be explained by the fact that it
can not be placed at the center of the moderator for reasons of space. Consequently, the
thermal neutron flux density at the channel bottom remains lower than for the other
channels. This is evident by considering figure 4.33 which shows the flux distribution
for thermal (figure 4.33b) and cold (figure 4.33a) neutrons. The thermal flux distribution
also shows that the comparatively large amount of PE moderator material is removed by
the two channels with » = 3 cm, which significantly reduces the thermal flux below the
target. As a result, the thermal flux at r = 3cm, ¢ = 90° is as small as for the channel
r = 1lcm, ¢ = 120°. By comparing the cold and thermal flux distributions, it is easy to
recognize the bi-spectral energy distribution of the cold parahydrogen channel, while
the methane moderator acts as a sink for thermal neutrons.

Itis also striking that the background of fast neutrons with E > 10” meV is significantly
higher for channels with ¢ > 90° than for channels with ¢ < 90°. However, the latter

have a higher background of neutrons with energies 10’ meV < E < 10° meV.

channel position AP /T, Athermal /7,

ecm2s T A"l em2s Al

r=1cm,p =10° 8.32x10° 7.55 % 10*
r=1cm,p = 45° 7.00 x 10* 5.82x 10*
r=1cm,p =90° 7.89x10° 7.82x10*
r=1cm,p = 120° 5.52x10° 5.88 x 10*
r=23cm, ¢ = 10° 5.13x10* 2.75x10*
r=23cm, ¢ = 90° 5.52x 103 5.85x 10*

Table 4.7.: Flux of cold and thermal neutrons at the exit of the flux channels in forward direction

with 8 < 1°.
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(a) Flux distribution of cold neutrons (b) Flux distribution of thermal neutrons
(0.376 meV — 13.1 meV). (13.1meV - 127 meV).

2

Figure 4.33.: Neutron flux distribution measured in cm~2s~! tA~! in the simulation geometry

according to figure 4.26.

4.2.5.2. Brilliance Extraction

In order to show that the thermal brilliance can be extracted in the forward direction by
means of flux channels, a simulation is performed in which the brilliance of thermal
neutrons is determined at different depths within the flux channels. To additionally
demonstrate how the brilliance behaves in comparison to a bulk moderator without
flux channels, further simulations are carried out in which the channels are stepwise
filled with material up to the area where the brilliance is determined. According to the
simulation model depicted in figure 4.34 no cryogenic moderators are implemented
since the extraction of thermal neutrons is focused on.

The results for the thermal channels * = 1cm, ¢ = 10° (figure 4.35) and r = 3cm, ¢ =
90° (figure 4.36) are discussed exemplarily. Solid lines indicate the brilliance in the
evacuated flux channels, while dashed lines correspond to the brilliance of partially
filled channel. The position 0 cm corresponds to the bottom of the flux channel in the
center of the moderator assembly and 48 cm or 31 cm, respectively, correspond to the
channel exit at the moderator surface. The results for the other channels are given in the

appendix in figures B.9 — B.11.
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Figure 4.34.: Simulation models with empty and partly filled flux channels and the bulk moder-

ator/reflector.
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Figure 4.35.: Brilliance of thermal neutrons at different positions inside the flux channel with

r = 1cm, ¢ = 10° (solid lines) and a bulk moderator, for which the channel is filled with material

up to the measuring position (dashed lines).

Each of the curves decrease from a maximum at 0° to zero at 90° resulting from the

fact that 90° corresponds to neutrons with flight direction tangentially to the moderator

surface. For positions closer to the center of the moderator the decrease of the brilliance

is rather flat whereas the brilliance at the channel exit rapidly decreases in the first few

degrees and approaches the minimum with a flat tail. This curve shape can be explained
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Figure 4.36.: Brilliance of thermal neutrons at different positions inside the flux channel with

r = 3cm, ¢ = 90° (solid lines) and a bulk moderator, for which the channel is filled with material

up to the measuring position (dashed lines).

3 Adpfinger e Adpbulk '

channel position . elg AQ e o2k gain factor
r=1cm,¢ =10° 853x107 3.1% 1.87x10° 20.7% 45.6
r=1cm,¢ =45° 9.90x107 29% 3.20x10° 16.7% 31.0
r=1lcm,¢=90° 9.12x107 3.0% 292x10° 26.6% 31.3
r=1cm,¢ =120° 5.83x107 3.9% 1.65x107 11.2% 3.5
r=3cm,¢ =10° 8.05x107 1.1% 2.16x10° 6.6% 37.3
r=3cm,¢=90° 6.19x10" 3.1% 2.41x10° 10.0% 25.7

Table 4.8.: Peak brilliance of thermal or cold neutrons, respectively, with 6 < 1° and its relative

error at the flux channel exit and on the bulk moderator surface. Unit of the differential flux A®

iscm—2s!

the gain factor.

st~ ! uA~L. The ratio of the peak brilliances of finger and bulk moderator is given as
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by the fact that tally surfaces closer to the center of the moderator also detect neutrons
which are emitted from the channel bottom and have a higher divergence, without being
scattered by the inner walls of the flux channel. In the case of tally surfaces further
outside the contribution to the brilliance for larger angles originates only from the
outermost areas of the inner walls of the channels, where the neutron flux is significantly

lower.

By comparing the maximum values at 0° it is evident, that neutrons which leave the
moderator in forward direction mainly originate from the center of the moderator. This
is not the case for bulk moderators where the brilliance in forward direction is perturbed
by the additional material in the channel. The peak brilliance is strongly decreasing
for increasing depth inside the flux channel whereas for larger angles the brilliance

approaches the values for the case of the Finger Moderator.

At this point it can be concluded that the brilliance in forward direction is extracted
from the center of the moderator and is almost completely preserved by the flux chan-
nels. To estimate the overall performance of the Finger Moderator the ratio of the
peak brilliances for 6 < 1° of the finger and the bulk moderator are considered which
amounts to ACD?}? gety A@E’ﬁﬂk = 45.6 for the flux channel with r = 1cm, ¢ = 10° and

A@ﬁ? 8/ ADBUK = 25.7 for the flux channel with ¥ = 3cm, ¢ = 90°, see table 4.8.

For an optimum performance of the instruments, care must be taken that the diver-
gence, which can be transferred by a neutron guide or supermirror, respectively, is
strongly energy-dependent. The data of the figures 4.35 and 4.36 are therefore of limited
applicability for the development of instruments because they are integrated over the
thermal or cold energy range, respectively. Therefore, an extensive simulation study is
performed in which the brilliance at the channel exits is determined as a function of the
energy. The results for the previously discussed flux channels are shown in the figures
4.37 and 4.38, respectively, whereas the results of the other channels is given in figures
B.13 - B.15 in the appendix. The energy boundaries of the thermal and cold regimes are
indicated by dotted lines. Integrating over the energy range between these boundaries

yields the same values as given by the solid curves for 33 cm in figures 4.35 and 4.36.

By means of the existing data, the relevant area in the 6-E plane can now be integrated
over the respective range in order to determine the phase space volume transported by

the corresponding neutron guide.
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Figure 4.37.: Energy-resolved brilliance of neutrons leaving the channel with r = 1cm, ¢ = 10°.

The thermal regime is marked by horizontal dotted lines.

4.2.5.3. Temporal Pulse Shape

The spectra in figure 4.32 and the energy-resolved brilliance in figures 4.37 and 4.38
clearly indicate that a distinct background of fast and epithermal neutrons is extracted
through the flux channels. Due to the much different flight times of the neutrons at
different energies, the background can be separated from the useful signal by choppers
or time-resolved detectors.

To support the development of instruments to this respect, the pulse structure at the
channel exits in forward direction (1° with respect to the corresponding channel axis) is
determined for cold, thermal and fast neutrons. In addition, the FWHM of the cold and
thermal pulses is calculated and included in the plots.

Figure 4.39 is a logarithmic plot of the cold, thermal, fast, and total pulse shapes at the
exit of channel r = 1 cm and ¢ = 10° in which the fast pulse is well recognizable. The
fast and epithermal neutrons representing the first pulse have experienced no or very
few scattering events in the moderator material. The moderation time of the thermal

neutrons amounts to approximately 50 pus, which can be seen by the position of the
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Figure 4.38.: Energy-resolved brilliance of neutrons leaving the parahydrogen channel (r =

1cm, ¢ = 45°). The cold regime is marked by horizontal dotted lines.

red curve. However, as indicated in figure 4.40, which is a linear plot of the same data
emphasizing the thermal and cold pulses, the half height of the thermal pulse is reached
at 120 us. After further 252 us, the thermal pulse drops again to half of its maximum
value. The background of fast, epithermal and also cold neutrons (which are either
overmoderated or stem from the adjacent cold moderators) is only about 5% of the total
signal during the FWHM. The tail of the thermal pulse drops very slowly and consists
of neutrons, which diffuse so long in the moderator-reflector assembly until they reach

the channel exit.

Due to the much longer moderation time in parahydrogen, the pulse at the exit of the
channel ¥ = 1cm and ¢ = 45° shows a bi-spectral structure, which is clearly visible in
the linear plot 4.40. The half maximum of the thermal pulse is reached at 190 ps and at
250 ps for the cold pulse. The FWHM of the thermal pulse amounts to only 143 usbut
is still overlapping with the FWHM of the cold pulse. Due to this fact and the slowly
decreasing tail of the thermal pulse, the cold pulse has a fairly large background. Due

to the different flight times, however, the pulses can be separated with a sufficiently

-126 -



Institute NET, RWTH Aachen 4.2. Moderator Development

cold

1| thermal

fast

[any
o
[<2]

total

[Eny
o
S

[y
o
N

AP/ At . [stempsTt pA™
=
o
o

1072 107% 10° 10t 10% 108 10*
t [ps]

Figure 4.39.: Logarithmic plot of the pulse shape of cold, thermal and fast neutrons with a
maximum divergence of § = 1° in the channel with r = 1cm, ¢ = 10°. The FWHM is indicated

in the plot.

large flight path within the instrumentation. In experiments utilizing cold neutrons, the
thermal pulse can be removed with a chopper.

The results for all flux channels are summarized in table 4.9 and depicted in the figures

B.16 — B.19 in the appendix.

channel position ~ FWHM_,14 ADSH FWHMy, ADR o
[ms] [em=2s nA~T] [ms] [em™?s™! pA~]
r=1cm,¢=10° 31734 5.15x10° 252.35 4.74x10*
r=1cm, ¢ =45°  353.18 4.64x10% 143.42 2.78x10%
r=1cm,¢=90°  178.90 4.86x10° 190.52 5.59 x 10*
r=3cm,p=10°  642.89 3.43x10* 321.22 1.54 x 10*
r=23cm,p =90° 95.33 2.01x10° 162.18 3.51 x10*

Table 4.9.: FWHM and flux during the FWHM of the cold and thermal pulses of all flux channels.
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Figure 4.40.: Linear plot of the pulse shape of cold, thermal and fast neutrons with a maximum

divergence of 6 = 1° in the channel with r = 1cm, ¢ = 10°. The FWHM is indicated in the plot.

4.3. Performance of the Final Design

The approach so far was to optimize the shape and the materials used by means of
the maximum thermal flux inside the moderator-reflector assembly. At this point the
impact of the reflector thickness on the performance of the individual flux channels is
investigated. This question is relevant with respect to the pulse shape since the optimum
pulse lengths for different types of experiments differ. The influence on the brilliance
is likely to be marginal, at least in the case of larger reflector thicknesses, since, as
explained in section 4.2.3, the value of the maximum thermal flux becomes saturated
above a certain reflector volume and the brilliance in the forward direction is extracted
by the flux channels from the location of the flux maximum of the moderator-reflector
assembly. Four different models are examined which differ in the reflector thickness
having the values 46 cm, 32 cm, 17 cm, and 5 cm. These values refer to the thickness of
the beryllium reflector from the surface of the PE sphere in the z-direction, e.g., the axis
of symmetry of the moderator-reflector assembly.

Another circumstance which has not yet been considered is the influence of the finite
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Figure 4.41.: Linear plot of the pulse shape of cold, thermal and fast neutrons with a maximum
divergence of § = 1° in the parahydrogen channel (r = 1cm, ¢ = 45°). The FWHM is indicated
in the plot.

(a) Thickness 46cm  (b) Thickness 32cm  (c¢) Thickness 17 cm (d) Thickness 5cm

Figure 4.42.: Simulation models with different thicknesses of the beryllium reflector.

pulse length of the accelerator. The previous results all relate to an instantaneous
bombardment of the target by the initial protons. As mentioned in section 4.1.3, an

accelerator is considered which provides an average power of 100 kW with an energy of
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50MeV. The duty cycle D of the accelerator is calculated as follows:

Pyeak = Ipeak - E = 100mA - 50 MeV = 5 MW
P = 100kW = Pyeri/50
= D=1:50

A pulse length of T,.c = 200 ps is obtained for a repetition rate of f = 100 Hz together
with the duty cycle D = 1 : 50. With this pulse length, extensive simulations are carried
out in which the brilliance and the pulse structure of the neutrons are determined at
the channel exits for different reflector thicknesses. For this purpose a new source file
has to be created, according to section 4.1.1, to account for the finite pulse width of the

accelerator. The results of the simulations are discussed hereafter.

4.3.1. Brilliance

Figure 4.43 shows the thermal brilliance of the channel with r = 1cm, ¢ = 10° for
all examined reflector thicknesses. As previously assumed, the dependence of the
peak brilliance on the reflector thickness is relatively weak, except for the smallest
thickness examined. The highest peak brilliance is achieved with a reflector thickness of
32 cm resulting from the geometrical effect that not only neutrons from the bottom of
the channel contribute to the peak brilliance, but also neutrons emitted at very acute
angles from the inner walls of the channels. However, the permissible angles, for which
neutrons contribute to the peak brilliance, of the lower regions of the inner walls become
smaller with increasing reflector thicknesses. This effect competes with the fact that
the more neutrons are emitted from the channel bottom the more reflector material is
used. Thus, there is a finite optimum reflector thickness. However, the divergence of
the neutrons passing through the channel exit is significantly increasing for decreasing
reflector thickness. Hence, the shape of the brilliance becomes increasingly flatter. This
effect is of geometric nature as explained in section 4.2.5.2.

As can be seen in figure 4.44, the above statements can be qualitatively transferred to
the channel with r = 1cm, ¢ = 45° with parahydrogen. However, the cold neutrons,
which, apart from overmoderated neutrons from the beryllium reflector, are emitted
exclusively from the outer face of the cold moderator, i.e., the channel floor. In the first

angle bin of 0° to 0.5°, the brilliance is therefore the highest for the thickest reflector.
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Figure 4.43.: Brilliance of thermal neutrons leaving the channel with r = 1cm, ¢ = 10° for all

reflector thicknesses investigated and a proton pulse width of 200 ps.

However, it should be noted that neutron guides for cold neutrons accept a significantly
larger divergence of up to 4°, as explained in section 2.4. In this respect the reflector
with 17 cm delivers the highest neutron flux as indicated in table 4.10. However, for the
larger solid methane moderator the optimum reflector thickness amounts to 32 cm as
shown in figure B.22 in the appendix. The results of the other flux channels is given in

the figures B.20 — B.23.

thickness ~A®©d (g < 4°) Orel
[em 251 uA~1]

46 cm 8.13x10° 1.25%
32cm 1.33x10° 0.98%
17 cm 2.23x10° 0.51%

5cm 1.84x10° 0.55%

Table 4.10.: Cold flux of the parahydrogen channel integrated over the first 4° which is a typical

value of the critical angle of supermirrors for cold neutrons.

The pulse structure of the accelerator has no influence on the results shown here since
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Figure 4.44.: Brilliance of cold neutrons leaving the parahydrogen channel with7 = 1 cm, ¢ = 45°

for all reflector thicknesses investigated and a proton pulse width of 200 ps.
the brilliance is not determined time-resolved.

4.3.2. Temporal Pulse Shape

The results for the channel with r = 1cm, ¢ = 10° and r = 1 cm, ¢ = 45° are discussed
exemplarily. The pulse structure of the fast, thermal, and cold neutrons of the former is
shown for a reflector thickness of 46 cm in figure 4.45.

In comparison to the pulse shapes for instantaneous irradiation of the target as dis-
cussed in section 4.2.5.3, it is apparent that the flux of fast neutrons is nearly constant
during the 200 us proton pulse of the accelerator. The FWHM of the thermal pulse is
reached after 220 ps, i.e., 100 us later than for instantaneous irradiation, cf. figure 4.40.
Even taking into account the quite long proton pulse, the FWHM of the thermal pulse,
which amounts to 277 ps, is not much longer than for instantaneous irradiation.

In figure 4.46, the thermal pulses for all reflector thicknesses are combined for the flux
channel in question. As expected, the thermal pulse continues to shift to earlier times
with decreasing reflector thickness. In particular, the tail becomes significantly shorter,
as can be seen clearly in logarithmic scale. The FWHM is also increasingly shortened,

although the flux prevailing during the FWHM, has an optimum at a reflector thickness

-132 -



Institute NET, RWTH Aachen 4.3. Performance of the Final Design

10%
108
e
3
< 107
(2]
3
o
§ 10t
—
o,
9 100
<
I
= 107t
e
<
1072
10_3—2‘;;;; ;i—l“HHHO “HHHl “HHHZ ‘ - H3 “‘HHA
10 10 10 10 10 10 10
t [ps]

Figure 4.45.: Pulse shape of cold, thermal and fast neutrons in the channel with# = 1cm, ¢ = 10°
for a reflector thicknesses of 46 cm in a maximum divergence of 6 = 1° for a proton pulse width

of 200 us. FWHM and thermal flux during the FWHM are stated in the plot.

of 32cm. The reason for this is that the lower area of the flux channels is shaded for
large reflector thicknesses. The same circumstance is already observed for the brilliance

depicted in figure 4.43.

For the cold channel with parahydrogen, the fast pulse is similar to that in the thermal
flux channel. In figure 4.47, the cold pulses for the four reflector thicknesses are shown.
Qualitatively, the same conclusions can be drawn as in the previous part. The pulse
begins much earlier for smaller reflectors. Furthermore, the tail and the FWHM are
shorter and the flux during the FWHM is the highest for a reflector thickness of 32 cm.
It should be also noted, however, that the pulse structure shown here has been recorded
for an angle of 1°, although modern supermirrors also allow for divergences up to 4°.
Similar as for the brilliance of the parahydrogen moderator, it is assumed that smaller
moderator-reflector assemblies deliver even more cold neutrons than the optimum shape
shown here for geometrical reasons. The results of the other flux channels are depicted

in the figures B.24 — B.27 in the appendix.
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Figure 4.46.: Pulse shape of thermal neutrons leaving the channel with ¥ = 1 cm, ¢ = 10° for all
reflector thicknesses investigated in a maximum divergence of 6 = 1° for a proton pulse width
of 200 us. FWHM and thermal flux during the FWHM are stated in the plot.

For designing specific experiments and instruments, it must also be considered that
the flight times for neutrons, which have thus far been summarized as thermal or cold,
differ so strongly that in some types of experiments not the entire spectrum of thermal or
cold neutrons can be used over the full pulse duration. In order to be able to estimate the
performance of those instruments, the pulse shapes are also determined energy-resolved.
In this case, the permissible opening angle is set to 5°, since otherwise the statistical
error would become too large. The thermal and cold energy regimes are bordered by

dashed lines, the end of the proton pulse is marked by a horizontal solid line.

Results for the thermal flux channel for reflector thicknesses 46 cm and 5cm are
depicted in figures 4.48a and 4.48b, respectively. It is very striking that the primary
neutrons are moderated very quickly after the proton pulse. As described earlier in
this section, the moderation time is approximately 50 us, so that the flux density of
fast neutrons already drops significantly in the first time bin after the proton pulse

(200 ps — 259 ps). At even later times, the background to the thermal pulse, apart from
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Figure 4.47.: Pulse shape of cold neutrons leaving the parahydrogen channel withr = 1cm, ¢ =
45° for all reflector thicknesses investigated in a maximum divergence of § = 1° for a proton
pulse width of 200 us. FWHM and cold flux during the FWHM are stated in the plot.

overmoderated cold neutrons, consists only of epithermal neutrons with a maximum of
475 meV. Furthermore it is apparent, that the maximum values of the thermal pulse are
larger for smaller reflector thicknesses. This can be explained by the fact that the results
shown here were taken for a divergence of 5°, whereas the previously discussed energy-
independent pulse structures apply for a divergence of 1°. For geometrical reasons,
the brilliance increases with decreasing reflector thickness, which is also evident by
considering the flatter brilliance in figure 4.43. Since typical neutron guides can transport
a divergence of a maximum of 1° for thermal neutrons, these results should only be used
if the exact energy dependence of the pulse structure has to be considered. A reflector
with a thickness of 32 cm offers the best performance for thermal flux channels according
to the figures 4.43 and 4.46. The energy-resolved pulse structures shown here should be
best used in conjunction with the brilliance from figure 4.43, for example by normalizing
by the integral flux values from 0° to 1°. This procedure is allowed provided that the
pulse forms and the spectra do not differ greatly between 1° and 5°.
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Results for the cold parahydrogen channel for thicknesses 46 cm and 5 cm are given
in the figures 4.49a and 4.49b, respectively. As discussed earlier, the same effect comes
into play for what reason the cold pulses are higher and shorter for smaller reflectors
and larger divergences, see section 4.3.1. Since neutron guides accept a divergence of a
maximum of 4°, these diagrams give a better estimate of the performance of the cold
moderator than the plots for the thermal channel. The results of the other flux channels

for thicknesses 46 cm and 5 cm are given in the figures B.28 — B.31 in the appendix.
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Figure 4.48.: Energy-resolved pulse shape of the thermal flux channel (r = 1 cm, ¢ = 10°) for
different reflector thicknesses. Neutrons with a divergence of 8 < 5° are considered for better

statistics.
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Figure 4.49.: Energy-resolved pulse shape of the parahydrogen flux channel (r = 1 cm, ¢ = 45°)
for different reflector thicknesses. Neutrons with a divergence of § < 5° are considered for better

statistics.
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5. Prototype Moderator at the AKR-2

Training Reactor

The simulation results on the optimization studies of a laser- and an accelerator-driven
neutron source which are shown in chapters 3 and 4, respectively, are to be verified by
means of experimental measurements on a prototype moderator. For this purpose, it
is advisable to test the moderator at an existing and well-characterized neutron source
with the advantage that additional effects like the ion-target interaction can be neglected.

A well-suited neutron source is the training and research reactor AKR-2 (Ausbil-
dungskernreaktor Dresden) of the department for Hydrogen and Nuclear Energy Tech-
nology of the Dresden Technical University. The first criticality of the reactor took place
on March 22, 2005. It is mainly used for training and teaching purposes, but also offers
some experimental channels for conducting various research projects. The maximum
power of the reactor is 2W and is therefore referred to as a zero-power reactor. Since
materials for cold moderators are to be investigated at the AKR-2, the low power is
very advantageous because there is virtually no heat input into the moderator. The
experimental setup is therefore less complex, whereby the neutron-physical results of
the measurements can be easily scaled up. In addition, a very low activation of the
measurement structures is to be expected due to the relatively low neutron flux, which

is also preferable from a radiation protection point of view.

5.1. Design and Operational Features of the Reactor

The cylindrical reactor core exhibits a diameter of 250 mm and a critical height of 275 mm
consisting of plate-shaped fuel elements with a total mass of 794 g of 2°U. The fuel
element plates consist of a homogeneous mixture of uranium oxide with an enrichment

of 19.8% %°U and polyethylene as a moderator material. The maximum continuous

-139-



5. Prototype Moderator at the AKR-2 Training Reactor Dipl.-Phys. ]. P. Dabruck

power of the reactor is 2 W. The system is controlled by three combined control and safety
rods made of cadmium. The neutron source for initiating the chain reaction (Am-Be,
source strength 2.2 x 10° n/s) is located inside the reactor. The core is surrounded by a
reflector of pure graphite on all sides. The cylindrical reactor vessel is made of heavy
concrete with a wall thickness of about 75 cm and serves as a radiation shielding.

For carrying out experiments, the AKR has the central channel leading through the
reactor core as well as five further experimental channels. A larger experimental channel
with a stepped cross section leads radially to the outer side of the reactor tank. This
channel has a diameter of 200 mm directly at the reactor tank and a diameter of 500 mm
at the exit. At a reactor power of 2 W, the flux density of thermal neutrons in the center
of the central experimental channel amounts to approximately 2.5x 1072 cm~2s~1. Two
ducts with a diameter of 75 mm are located tangentially to the core. The overall height of
the apparatus amounts to 270 cm with a diameter of 340 cm. A picture and a schematic

representation can be seen in figure 5.1.
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.

_ 1UDRESDEN

- Graphite Reflector

. . Experimental Channels
Radial

Channel Fuel Zone

- Am-Be Neutron Source
" Control Rods

. Vacuum System
(Reactor Vessel)

Hoist for Reactor
Core

Vacuum Pump

- Aerosol Filter

Pressure Probe

(a) Picture of the AKR-2 with measuring (b) Vertical cut of the constructions diagram of

instruments for size comparison. the AKR-2.

Figure 5.1.: The AKR-2 [124, 125].

In accordance with safety requirements the reactor is designed in such a way that a
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prompt criticality cannot be caused by maloperation under any circumstances and thus
hazard for the operating personnel, the environment or the reactor is impossible. For
this aim, the excess reactivity is limited to a maximum of 0.3% and the release of fission

products is prevented by a multi-barrier system. [124, 125]

5.2. Characterization of the Experiments

By means of the experimental measurements on the prototype, various results of the
simulation studies are to be examined. This includes the effect of the thermal flux
channel, which can significantly increase the peak brilliance (see sections 3.5.1 and
4.2.5.2). For this purpose, not only the brilliance at the channel exit should be measured
but also the brilliance at an equivalent area of the surface of the bulk moderator. In this
way, the factor can be determined by which the peak brilliance can be increased by using

a flux channel.

Another important point is the investigation of the performance of different cold
moderators. These include hydrogen (ortho and para), solid methane and mesitylene.
As discussed in section 2.3.2, there are inconsistencies regarding the scattering cross

section of parahydrogen which are to be tested at the AKR-2.

In addition, hydrogen moderators with different mixing ratios of ortho- and para-
hydrogen will be studied aiming for the determination of the most efficient ratio. As
the scattering cross section of parahydrogen below 50 meV decreases significantly (see
figures 2.8a and 2.8b), the generated cold neutrons are not in thermal equilibrium with
the moderator and therefore undermoderated, which is evident by considering the
corresponding spectra in figure 3.14. An admixture of orthohydrogen could cause the
scattering cross section of the cold moderator to be increased so far that the neutrons can
be brought into thermal equilibrium without having to increase the volume noticeably.
To this end, a cryo system is developed in cooperation with TU Dresden, Chair for
Hydrogen and Nuclear Energy Technology, in which the mixing ratio of ortho- and
parahydrogen can be adjusted during the measurement and can be precisely determined

by heat capacity measurement [104, 126].
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5.3. The MCNP Reactor Model

The scientific staff of the AKR-2 provided an MCNP model [127] whose geometry is
depicted in figure 5.2 as a vertical and a horizontal cut. The two core halves consisting
of the fuel-moderator mixture are shown in magenta in the simulation model and
are encompassed by a stainless steel housing (yellow) whereby the area between the
housing an the reactor core is lined with graphite acting as a reflector (green). A large
amount of additional graphite is located around the steel housing which is in turn
surrounded by a biological shielding consisting of heavy concrete (salmon), with a ring
of paraffin (orange) in the inner area at the level of the graphite reflector to slow down
fast neutrons. An air gap (blue) extends between the reflector and the shielding and the
entire shielding is bordered by an iron jacket (cyan) both inside and outside. The model
does not include the upper shielding cover, the vacuum system, the neutron source, and
all installations below the floor. The calculations are carried out in the KCODE criticality
mode [84] initiated by neutrons defined with SDEF according to a Maxwell spectrum
[127]. The validation of the model is described in the next section. On the basis of this,
the correct normalization is derived, which can also be calculated analytically from the
fission rate Ryiggion for a thermal power of 2 W by assuming a mean fission energy release

of 180 MeV! and the mean number of fission neutrons of 2.44 in 23°U:

J

J ~13 10 -1
1 1.602x1 —— =694x1
/ 180 MeV / 1.602 x10 MoV 6.94x10"s

Rfission =2=
S

S = Rfission - 2.44 = 1.69 x 10" 57! (5.1)

5.3.1. Verification of the Model

To verify the present reactor model, simulations are carried out in which the spectrum
in the reactor core and at different distances behind the exit of the radial channel is
determined. Simulated spectra are available from the operating staff of the reactor,
which have been validated experimentally [128], and are depicted in figure B.32 in the
appendix. It should be noted that the plots represent absolute flux values.

IDuring the fission of 23°U, a total energy of 204 MeV is released whereby 180 MeV are ultimately converted
into heat from kinetic energy of the fission fragments (167 MeV), the produced neutrons (5 MeV), and

electrons of the beta-unstable fission products (8 MeV).
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(a) Vertical cut of the MCNP geometry. (b) Horizontal cut of the MCNP geometry
at the height of the upper core half.

Figure 5.2.: MCNP Model of the AKR-2. The main materials defined in the model are fuel
(magenta), stainless steel (yellow), graphite (green), heavy concrete (salmon), paraffin (orange),

air (blue), and iron (cyan).

In the course of this thesis, the simulations are repeated to verify the model and to
determine the correct source strength for the normalization of further simulation results.
For this purpose, the spectrum is determined on a circular area of radius r = 1cm
at the distances in question. This rather small radius is chosen because the present
spectra were measured on the channel axis and the flux distribution is assumed to be
inhomogeneous over the entire cross-sectional area. The results of the simulation are
shown as solid lines in figure 5.3. The literature values are drawn as dashed lines. The
spectra were normalized to the bin-width so that a different binning can be chosen as for
the literature values. The spectra are in good agreement and hence the MCNP model of

the AKR-2 and the calculated source strength from equation 5.1 are considered valid.

5.4. Optimization of the Prototype Moderator

The prototype is optimized for use at the AKR-2 in order to carry out reasonable mea-
surements even at the low neutron flux provided. For the simulation studies, the present
MCNP model of the reactor is extended by the prototype moderator and the detector
required for the measurements. In the following sections the simulation studies for

optimizing the prototype design are outlined.
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10cm ——
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100cm ——
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Figure 5.3.: Spectra at three positions behind the exit of the radial channel on its axis calculated
with MCNP and literature values [128] from figure B.32. The absolute flux values in the cold

energy region are rather low and exhibit a large relative error.

5.4.1. Generation of Weight Windows

As a result of the space conditions in the experimental hall of the AKR-2, the maximum
distance of a detector from the exit of the radial channel amounts to 4 m. To optimize
the design of the prototype, the neutron fluxes at this distance are to be determined.
The divergence of neutrons leaving the radial channel and the prototype, respectively,
leads to a significant reduction of the neutron flux at the detector. Since no evacuated
neutron guides will be used for the measurements on the prototype, the neutrons are
additionally scattered by air on the way to the remote detector so that the flux at the
detector is reduced further. For this reason variance reduction techniques, such as
Weight Windows, should be used to minimize the computational time of the parameter

studies.

For this aim, the distance from the channel exit or the surface of the prototype, which
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Figure 5.4.: Horizontal cut of the MCNP geometry for generating weight windows for the AKR-2
reactor model to increase the efficiency of calculations encompassing a detector in 4 m distance
of the prototype moderator which is located 10 cm behind the exit of the radial experimental
channel. The vertical black line represents an ideal absorber to shield the detector from neutrons

not originating from the flux channel of the prototype.

is located 10 cm apart behind the channel exit, is divided into 18 segments with a length

of 20 cm containing air. The simulation model is depicted in figure 5.4.

5.4.2. Optimization of the Thermal Moderator

Since the neutrons leaving the reactor core are at least partly thermalized, not the
slowing-down power but a low absorption cross section is of particular importance for
the moderator material of the prototype. Therefore, heavy water and graphite can be
considered, whereby heavy water has a much higher moderating ratio according to sec-
tion 2.3.1, so that undermoderated neutrons from the core can still be thermalized while
existing thermal neutrons are not absorbed. The use of hydrogen-based moderators
would lead to higher absorption rate whereas beryllium is excluded due to its toxicity
and high market price.

Nevertheless, simulations are carried out to determine the maximum thermal flux

in a prototype made of beryllium, heavy water and graphite. The dimensions of the
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cylindrical moderator are chosen to be i = 41.4cm and r = 31 cm. The results summa-
rized in table 5.1 show that Beryllium provides slightly better values than heavy water
whereas the maximum flux in graphite is the lowest. The thermal flux maximum is
found at a depth of 3.5cm (Be, D,O) and 2.5 cm (C), respectively. This shows that the

neutrons from the reactor core are already strongly pre-moderated.

Material O [em 2571 0y z [cm]
Beryllium 7.67 x10° 02% 3.5
Heavy Water 6.95x 10° 0.6% 3.5
Graphite 6.19 x10° 09% 25

Table 5.1.: Maximum thermal flux, its relative error, and its longitudinal position in the prototype

moderator operating at the AKR-2 for beryllium, heavy water, and Graphite.

The geometry of the prototype moderator for the parameter study can be seen in
figure 5.5. The radius of the heavy water tank is chosen to be r = 31 cm to cover the
exit of the radial channel so that no neutrons are lost in the gap between the moderator
and the channel exit due to their divergence. A channel is implemented into the heavy
water tank, which is intended to serve as a slot for cold moderators as well as a thermal
flux channel. The channel extends to the thermal flux maximum and has a radius of
r = 3cm. According to the studies shown in section 4.2.5.2, a smaller flux channel has a
larger thermal peak brilliance but it does not provide enough space for placing different
cold moderators during the experiments. The flux channel is tilted by an angle of 15°
with respect to the axis of the experimental channel of the reactor allowing the reduction

of the fast neutron and gamma background originating from the reactor core.

For the investigation of the dependence of the flux at the detector position on the
thickness of the moderator, two different approaches are followed. In the first pass, the
angular dependence of the thermal flux for different moderator thicknesses is deter-
mined at the exit of the flux channel. The neutrons, which leave the flux channel at
an angle of 8 < 0.573° with respect to the axis of the flux channel, reach the detector
with 7petector = 4cm at 4 m distance. An angle of 6 < 0.678° corresponds to a detector

position of 3.38m, 6 < 0.769° t0 2.98m, 0 < 0.924° to 2.48 m and 6 < 1.146° to 2m.

This procedure, however, does not take into account the influence of the air in the
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(a) Thickness 10 cm. (b) Thickness 40 cm.

Figure 5.5.: Excerpt of the simulation geometry for the determination of the optimum thickness

of the cylindrical, D,O-based prototype moderator with a thermal flux channel at the AKR-2.

path of the neutrons to the detector. For this purpose, a further study is carried out in
which a detector is defined in the MCNP model at 4 m distance, where the incoming
thermal flux is determined in dependence to the moderator thickness by means of the
simulation model depicted in figure 5.4.

According to section 5.4.1, the path to the detector is divided into several air-filled
segments so that weight windows can be used to increase the performance of the
simulations. The surface of the moderator must be shielded in order to measure the
effect of the flux channel increasing the peak brilliance which would otherwise be
completely overlaid by the high background of thermal neutrons. Therefore, an ideal
absorber is placed at the front face of the moderator, which provides a window for the
flux channel.

The results of both approaches are shown in figure 5.6 in terms of the thermal neutron
yield in dependence to the moderator thickness. Solid lines indicate the number of ther-
mal neutrons at the flux channel exit for different distances of the detector, represented
by different angles with respect to the flux channel axis. Due to the fact that the neutrons
from the reactor core are already strongly pre-moderated, a considerable thermal flux is
achieved even with low moderator thicknesses. As the thickness increases, the thermal

flux increases in the forward direction at the finger exit up to a thickness of 35 cm, from
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Figure 5.6.: Thermal yield at the detector (r = 4 cm) in 4 m distance in air and vacuum (dashed
lines) and number of thermal neutrons leaving the flux channel with different maximum emission
angles with respect to the channel axis, which corresponds to different detector distances (solid

lines). The relative error of most values is below 5%.

which the thermal flux does not increase further. The shape of the different curves
are identical but the values are higher for larger detector distances or opening angles,
respectively, which is governed by the inverse-square law. The results of the second
approach are shown by the dashed lines. The results of both approaches agree very well,
apart from statistical fluctuations in small and large moderator thicknesses, if the air in
the model is removed. A comparison of the two dashed curves shows, however, that
the influence of air is not negligible. When using air, the flux at the detector position

decreases by 28% averaged over all moderator dimensions.

Based on the results presented herein, the cylindrical tank of the prototype moderator
will have a radius of R = 31 cm and a length of L = 35cm. The spatial distribution of

the thermal flux in this configuration is depicted in figure 5.7.

When carrying out the experiments, the moderator surface should be completely
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Figure 5.7.: Thermal flux distribution in the prototype moderator with the optimum configuration
(R =31cm and L = 35cm).

shielded with the exception of the flux channel exit as discussed above. In additional
experiments the brilliance should also be measured on the surface of the bulk moderator
in order to determine the increase in peak brilliance by using flux channels. For this
purpose the flux channel should be filled with heavy water or the shielding should
be rotated so that the exit of the shielding no longer fits the flux channel, but the bare

surface of the heavy water tank.

5.4.3. Optimization of the Cold Moderator

The dimensions of the cold moderator are optimized for the use of parahydrogen. For
this aim, a cylindrical volume filled with para-H, is defined at the bottom of the flux
channel. Its dimensions r and & are varied independently of each other. The flux of
cold neutrons within the energy range 0.38meV < E < 13.1meV at the detector is
determined for each configuration.

Figure 5.9 shows the total flux of cold neutrons reaching the detector in 4 m distance
in dependence to the length of the cold moderator for various radii. It is evident that
the optimum length is in the range between 10 cm and 15 cm, depending on the radius.
These values are in accordance to the conclusions in section 2.3.2 regarding the mean free

path of cold neutrons in parahydrogen. Consequently, the length of the cold moderator
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(a) Cold moderator dimensions »r = 2cm and (b) Cold moderator dimensions r = 4cm and

| = 16 cm in a channel with r = 3cm. | = 10 cm in a channel with » = 4 cm.

Figure 5.8.: Excerpt of the simulation geometry for the determination of the optimum dimensions

of the cylindrical, parahydrogen-based cold moderator in the flux channel at the AKR-2.

will be I = 10 cm whereas the radius is set to ¥ = 3cm. In this case the detector is
supplied with 1107 cold neutrons per second sufficient to measure a precise spectrum

of cold neutrons even when using choppers with 10% — 20% duty cycle.

5.5. Experiments

The experiments are carried out and evaluated by [129]. The final setup of the prototype
moderator and the measuring technique as well as the preliminary results are explained

in the following sections.

5.5.1. Final Design of the Thermal Moderator

The heavy water is kept in an aluminum tank due to the good processability, favorable
material properties and neutron economy of aluminum. The alloy specification reads
AlMg3Al. Based on the simulation results explained in section 5.4.2 aiming at the
optimization of the prototype moderator, the drum is chosen to have an inner radius of
r = 31 cm and an inner height of i = 35 cm. The lateral thickness of the drum amounts

to 3mm whereas the thickness of lid and bottom is 10 mm. The drum is equipped with
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Figure 5.9.: Cold flux at the detector (r = 4cm) in 4 m distance in air normalized to the cold
moderator outer surface in dependence to the cold moderator length for different radii according

to figure 5.8. The relative error of most values remains below 3%.

an ISO-K 100 flange and an ISO-K 63 flange (ref. DIN 28404, ISO 1609) to accommodate
the cryogenic moderators. The flanges also serve as thermal flux channels if the cold
moderators are removed.

The heavy water is recycled cooling water originating from Canadian CANDU reactors.
Its purity is stated to be > 98% which could be confirmed by measurements at the ZEA-3
of Forschungszentrum Jiilich. Figure 5.10 shows a photograph of the DO drum with
PE shielding in its mounting at the exit of the radial channel of the AKR-2. The two
flanges extend through the shielding.

5.5.2. Design of the Cold Moderator

In addition to the cold moderator also the cooling system must be designed for the
measurements at the AKR-2 [104]. Innovative approaches are required compared to
common cryogenic engineering in order to be able to precisely adjust and also to stabilize

different hydrogen compositions at low temperatures.
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Figure 5.10.: Picture of the D,O-based prototype moderator installed at the radial channel exit
of the AKR-2 with shielding. The insert for the cold moderator, which also serves as a thermal

flux channel, is clearly visible. [129]

Adjustable Ortho- / Parahydrogen Cryo System An adjustable ortho- to parahydro-
gen cryo system is designed in order to be able to adjust the neutron spectrum to the
demands of the experiment. According to section 2.3.2 the mixture of orthohydrogen
with parallel proton spins forming three higher energy states and parahydrogen with
antiparallel proton spins will tend to its thermodynamic equilibrium ratio, which is
determined by the temperature. At ambient temperatures the ortho-to-parahydrogen
ratio amounts to 3:1 whereas below 20K the equilibrium is shifted to a parahydrogen

fraction of nearly one as indicated by figure 5.11a.

When the temperature changes, an autocatalytic conversion occurs caused by dipole-
dipole-interactions of two orthohydrogen molecules changing the direction of the ther-
modynamic equilibrium [130] which is a rather slow decelerating process. For higher
orthohydrogen contents than equilibrium the autocatalysis has to be antagonized, cf.

5.11b, which is achieved by feeding hydrogen of a higher orthohydrogen concentration
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(a) Thermodynamic equilibrium of ortho-and para- (b) Time dependence of the parahydrogen fraction

hydrogen mixtures in dependence to the tempera- due to auto conversion in liquid hydrogen at 17 K and

ture. 150 kPa.

Figure 5.11.: Properties of the ortho- and para fraction in hydrogen.

to the system. The conversion can be significantly increased by using paramagnetic

substances like transition metals and their oxides [131] used in liquefiers as catalysts.
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Figure 5.12.: Setups of the cryogenic system with adjustable ortho- to parahydrogen composition.

The moderator vessel (approx. 0.3 liters liquid H) will be cooled externally by a helium cold gas

to 17 K. Two tube-in-tube heat exchangers cool down incoming hydrogen with the exhausting

helium before it finally condenses in the moderator vessel. One of the two heat exchangers will

be filled with catalyst material, converting to almost pure parahydrogen.

For the experiments at the AKR-2 and further the task is to liquefy hydrogen and keep

its temperature in a narrow band (solid: T < 13.8K, gaseous: T > 21.8K at 150 kPa) in
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a safe manner for several hours. The setup needed to adjust and stabilize different ortho-
to parahydrogen ratios is depicted in figure 5.12a with two vacuum vessels and helium
cooling provided by a mobile liquid helium dewar. In the final HBS facility a closed
hydrogen cycle may be preferred whose possible setup is depicted in figure 5.12b.
Thermally and neutron induced para-to-ortho conversion becomes increasingly impor-
tant for higher neutron fluxes and heat loads. These mechanics, however, are notoriously
difficult to simulate, so that experimental results from the prototype can be extrapolated

to larger sources (such as the ESS).

Figure 5.13.: Cold source prototype as developed and built for tests at the AKR-2. The cold

source is a cylindrical aluminum vessel (+ = 25mm, / = 100 mm) to condense H, or CHj gas,
surrounded by a He gas cooling labyrinth. The working pressure is defined as 150 kPa for liquid
Hj. The cold source is installed on a standard flange and can be inserted into an evacuated beam
tube in the thermal moderator. Four gas connections are used for input and output of moderator
gas and He cooling gas. On the moderator surface towards the exit of the beam tube, a filter

crystal can be mounted for further treatment of the spectrum. [129]

Prototype Cold Moderator At the HBS each instrument can be provided with an
individual cold source designed to the specific needs of the corresponding instrument.
The shape of the cold source can be adapted to the beam size and divergence desired at
the sample position. The temperature and material can be chosen to fulfill the spectral
demands of the experiment as described in section 2.4.

As depicted in figure 5.13 the cold moderator is placed inside the thermal flux channel,
so that the cold source is directly placed within the thermal flux maximum. The di-

mensions of the cold source are designed according to the principle of low-dimensional
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beam extraction proposed for the ESS cold moderator [79, 80] and the mean free path
of cold and thermal neutrons in 100% parahydrogen. The design is optimized for lig-
uid parahydrogen and ortho-parahydrogen mixtures, but the condensation of gaseous

methane and liquid mesitylene is also possible.

5.5.3. Measurement Setup

20 active He; detectors

o

\ Bragg reflex
\dis:nete energies

 — — — &>
transmission TOF

6 active He, detectors

PE shielding

Chopper

L white pulsed neutron beam

PE shielding

Figure 5.14.: Instrumentation for measurements on the prototype moderator at the AKR-2 reactor.

[129]

The instrumentation for most measuring series for both the thermal flux channel and
the cold moderator is shown schematically in figure 5.14. A chopper is placed directly
behind the channel exit to allow the flight time measurement of the neutrons despite the
continuous operation of the AKR-2. Within 2-3 m distance to the chopper, depending
on the specific measurement, a monochromator crystal is placed on a goniometer?.
According to the Bragg condition, neutrons of specific discrete energies are reflected,
depending on the angle between the lattice planes of the monochromator and the
direction of incidence of the neutrons as elucidated in section 2.4. To detect the reflected

neutrons, twenty Hez Geiger tubes are used, which are positioned on a circular sector at

2 A goniometer is used to either measure an angle or allow an object to be rotated to a precise angular

position.
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a distance of 30 cm perpendicular to the beam axis.

Neutrons whose energy or wavelength, respectively, does not satisfy the Bragg condi-
tion are transmitted almost unimpeded. The energy of these neutrons is determined by
means of a TOF measurement with six additional He3 Geiger tubes located on the beam
axis. As indicated in section 5.4.2, the flight path between chopper and monochromator
is shielded by borated PE to minimize the neutron background from the moderator

surface and the reactor itself.

5.5.4. Preliminary Results

This section presents the preliminary results of the experiments conducted so far. In
this context, the TOF measurements of the transmitted neutrons in the case of a thermal
channel and the corresponding measurement with the use of a cold mesitylene modera-
tor are discussed. The remaining measurement results are still under evaluation and

will be discussed in [129] after publication.

Thermal Flux Channel The spectrum of transmitted neutrons determined by TOF
measurements at the thermal flux channel are depicted in figure 5.15. The absolute
counts of this eight-hour measurement are depicted as a function of the flight time
of the neutrons. Thermal neutrons are fitted by a Maxwell-Boltzmann distribution,
whose maximum occurs in time slot 1, corresponding to an energy of 55meV. The
mean of the Maxwell-Boltzmann distribution amounts to 25 meV corresponding to room
temperature. A second, smaller maximum is visible in earlier time slots, which is caused
by the fast neutrons detected shortly after the chopper opens. This maximum is fitted
as a Gaussian distribution which is called the chopper function.

Since in this representation the chopper function and the distribution of the raw
values have not yet been deconvoluted, each value is subject to an uncertainty which
corresponds to the FWHM of the chopper function. In addition, the energy-dependent
detector efficiency of the Hes Geiger tubes has not yet been taken into account. Therefore,
a much more precise statement about the neutron spectrum can be made after final
evaluation of the data.

In addition to the spectrum of the neutrons leaving the moderator through the flux

channel, the directional dependence of the brilliance with respect to the finger axis is
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Figure 5.15.: Results of the TOF measurements at the thermal flux channel of the prototype mod-
erator at the AKR-2. The blue curve represents the chopper function which corresponds to the
fast neutrons. The red curve is a fitted Maxwell-Boltzmann distribution of the thermal neutrons.
The maximum of the Maxwell-Boltzmann distribution located at time slot 1 corresponds to an

energy of 55 meV whereas its mean energy amounts to 25 meV. [129]

also investigated in further experiments. It is not possible to freely position the detector
setup (cf. section 5.5.3) due to a lack of space. Instead of the detector, the moderator is
rotated in the horizontal plane in order to determine the directional dependence of the
thermal flux channel. Furthermore, due to the size and the high mass of the prototype
moderator, no precise orientation can be set, which would lead to a large systematic
error with respect to the angle. Instead, a cylindrical moderator consisting of PE with a
diameter of 40 cm and a height of 40 cm is used. A bore with a diameter of 9 cm reaches
through the center of the PE cylinder and serves as a thermal flux channel. For the
positioning of the PE cylinder no goniometer is used because of the high mass. Instead
a laser sight and a meter scale is used. The systematic uncertainty of the adjusted angles

is estimated to £1%.
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Figure 5.16.: Experimental setup for measuring the angular dependence of the thermal brilliance
of a flux channel in the PE based prototype moderator at the AKR-2. The detector setup is
depicted in detail in figure 5.14. [129]

With this experimental setup, the flux of thermal neutrons is measured depending on

the angular orientation of the moderator, i.e., the flux channel. The results are depicted

in figure 5.17. In conclusion the experimental results meet the expectations obtained

2.5e5

Counts

2.0e5-

1.5e5
-10° 0° 10° 20° 30°
Angle

Figure 5.17.: Results of the measurements of the angular dependence of the thermal brilliance
of the flux channel in the PE based prototype moderator at the AKR-2. The uncertainties of the
angular values arise from the difficulty of precisely positioning and orienting the moderator.

The red curve denotes a Gaussian distribution fitted to the experimental results. [129]

by the comprehensive simulation work. At an angle for which the detector lies on the
axis of the flux channel, most neutrons are detected. The edges around this maximum

are slightly asymmetric, which can be explained by the relatively high absorption cross
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section of PE: For small angles, the neutrons leaving the radial channel of the AKR-2
must effectively travel a shorter distance in the PE before reaching the detector. It can be
concluded that flux channels can significantly increase the yield of thermal neutrons
in a specific directions caused by the streaming effect. In the future more experiments
will be conducted which will be focused on the study of the angular dependence of the

brilliance.

Cold Moderators Measurements on the hydrogen-based cold moderator aiming for a
verification of the simulation results discussed in section 3.3.3 and 4.3 will be carried out
with the ortho-para mixing cryostat in the near future. The spectra for the mesitylene-
based moderator have a very bad statistical quality. However, it can be stated that the
cold neutron flux with cryogenic mesitylene (20K) is twice as high as with thermal
mesitylene (300 K). This result is consistent with the experiences from [75] confirming

the validity of the models.

Fission Chamber Measurements in the Thermal Channel To verify the results of the
measurements so far and the AKR simulation model as well, an absolute measurement
of the thermal flux in the thermal channel of the prototype moderator is performed at the
department. For this purpose, a fission chamber  is used, which is located at different
positions inside and outside the thermal channel on its axis. The fission chamber is
sensitive to neutrons with energies below 0.456 eV, which corresponds to a temperature
of 10584 K. In order to be independent of the detector efficiency of the fission chamber,
the results are normalized to the value from the first measurement position. The results
are shown in table 5.2.

The position 0 cm corresponds to the fission chamber being at flux channel bottom.
The simulated values correspond to the flux in the volume occupied by the fission
chamber while the actual measured values represent the count rate per 100 s measuring
time. A very good agreement between the simulation and the absolute measurement is
evident when comparing the normalized values. The results of the simulations aiming
for optimizing the thermal moderator discussed in section 5.4.2 are therefore considered

as valid.

3Tonization chambers whose electrode is coated with enriched uranium are suitable for detecting slow

neutrons and are called fission chambers.
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Position @™ [em 257! g OM/DFM cts'/100s  cts/ctspl

Ocm 6.74x10° 0.4% 1.000 38317 1.000
10cm 5.01x10° 0.4% 0.743 27210 0.710
20cm 2.74x10° 0.6% 0.407 14766 0.385
30cm 8.52 x 10* 1.2% 0.126 4685 0.122
40cm 2.25x10* 2.5% 0.037 1266 0.033

Table 5.2.: Simulated flux values and measured count rates of a fission chamber at different
positions in the thermal flux channel of the prototype moderator at the AKR-2. The fission
chamber is sensitive below 0.456 eV, therefore only neutrons with corresponding energies are

taken into account in the simulation.
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6. Conclusions

6.1. Summary

Comprehensive simulation studies on the target and the thermal and cold moderator-
reflector assembly aiming for an optimization of the neutronic performance of laser- or
compact accelerator-driven neutron sources are conducted in the scope of this thesis.
The well-established Monte Carlo particle transport code MCNP is employed for the
simulations.

Laser-based ion acceleration has made enormous progress in the recent years and will
become a serious alternative to conventional accelerators. For such systems a moderator
system is developed based on the experimental findings at the Trident Laser in Los
Alamos, USA. For this purpose, the energy, angular, and time distributions of the accel-
erated deuterons and the generated neutrons, respectively, are implemented as a source
definition in MCNP. Due to the relatively large divergence of the generated neutrons, it
is not feasible to use compact hydrogen-based moderators such as polyethylene or light
water. Instead, beryllium is proposed and its design and dimensions are optimized in
extensive parameter studies to maximize the thermal neutron flux. Cryogenic moder-
ators consisting of parahydrogen, solid methane, or mesitylene are embedded in the
thermal moderator and optimized regarding the arrangement in the thermal moderator
and their dimensions. During these simulations, a new approach is followed in which
not only the cold moderators are positioned in the center of the thermal moderator, but
also the thermal neutrons are extracted from the thermal flux maximum of the thermal
moderator with the aid of flux channels. This configuration is referred to as the Finger
Moderator. For neutron scattering experiments it is relevant how many neutrons can
ultimately be extracted and transported to the sample, which is measured in terms
of the brilliance. For some types of experiments, e.g., time of flight techniques, the

temporal structure of the neutron pulses is also important. The effects of an additional
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graphite reflector on these performance parameters (peak brilliance and pulse structure)
are investigated. It is shown that by using the aforementioned flux channels, the peak

brilliance can be significantly increased compared to earlier designs.

Although laser-based systems can be built considerably more compact, existing facili-
ties are still subject to development. Thus, it is expected that a stable operation providing
neutrons for scientific users is hard to achieve in the medium term. Thus, it is decided
to rely on a conventional particle accelerator. For this, the neutron yield is determined
as a function of the incident particle type and energy (protons and deuterons between 5
and 100 MeV) as well as the target material (beryllium and lithium). Further simulations
are conducted assuming a proton accelerator with an energy of 50 MeV and beryllium
as the target material. With 50 MeV protons reasonable neutron yields are achieved
at foreseeable costs for accelerator and shielding. The availability of nuclear data for
the simulations with protons is very good. However, the simulation results can also
be scaled to deuteron operation as soon as the corresponding nuclear databases for
deuterons are verified. Under these conditions, the target is designed with a maximum
surface power density of 1 kW /cm?. The shape is chosen in such a way that the target is
as compact as possible for this given surface power density. A backing plate made of

vanadium prevents hydrogen embrittlement of the active target material.

For technical reasons, simulations involving other particles besides neutrons, elec-
trons, and photons can only be inadequately parallelized. Therefore, a new method is
developed for the optimization studies on the moderator system which uses the MCNP
function PTRAC. The phase space coordinates (location, direction, energy, and time) of
neutrons produced in the target are recorded and stored in an external file which is read
line by line in subsequent simulations by a specifically developed MCNP subroutine and
uses the stored data as source particles. This method can, in principle, also be applied
to other issues, such as simulations of nuclear reactors with heterogeneous reactor cores.
Instead of simulating fission processes in the fuel, the neutrons can be started, e.g., at the
inner surface of the reactor pressure vessel and the model can be simplified considerably,

which improves the simulation performance.

The optimization studies for the moderator system are carried out efficiently with
the previously generated source file. Since the source of the primary neutrons is more

compact and less divergent than in laser-driven systems, a compact polyethylene moder-
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ator is used, which is surrounded by a low-absorption reflector made of beryllium. The
shape and dimensions of the moderator and reflector are optimized to maximize the
flux of thermal neutrons. Thermal flux channels and two cold moderators made of para-
hydrogen and solid methane, respectively, are implemented into the moderator-reflector
assembly and the peak brilliance and the pulse structure as a function of the reflector
thickness are determined at each channel in order to be able to select the optimum
dimensions for each type of experiment.

In order to confirm the simulation results, especially the concept of the thermal flux
channels, experiments are carried out at the AKR-2 training reactor at TU Dresden, Ger-
many. The prototype moderator system consists of a heavy water-based premoderator
with a slot for various cold moderators. To increase the effectiveness of the measure-
ments, the moderator system is optimized in various parameter studies. For this purpose,
an MCNP model of the reactor is provided by the operator of the AKR-2. In the course
of this thesis, the reactor model is verified using experimental data. The D,O moderator
and the embedded cold moderator are designed to achieve the maximum thermal and
cold flux at the detector, respectively. Weight Windows are created and applied as
a variance reduction technique to accelerate the simulations. The experimental data
evaluated so far show a good agreement with the simulations and thus confirm the

beneficial effects of the flux channels.

6.2. Outlook

In this thesis the moderator system of a medium-flux CANS is optimized with regard to
the neutronic performance. The suggested design can of course not exactly be transferred
due to the technical and mechanical constraints dictated by the material properties and
the operational parameters. Thus, the presented results shall serve as a basis for a system
operating under realistic conditions and shall demonstrate which physical aspects have
to be considered to maximize the neutron yield available to the instruments. After
the target station has been conceptualized according to the technical and mechanical
aspects, a comprehensive simulation has to be carried out, which encompasses the final
structures in all details in order to assess the actual performance of the entire system.
In laser-driven systems, the current bottleneck is the development of a continuously

operating target for laser-based ion acceleration. A further technical challenge is to
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integrate the converter, in which the neutrons are produced, into the moderator in
order to minimize neutron loss in backward direction. If compact converters can be
placed inside the moderator, it is recommended to use a moderator design similar to
the proposed accelerator-driven system, for example, a compact thermal polyethylene

moderator with a low-absorption reflector.

For the first accelerator-based HBS the work to be done is much more specific. The
accelerator will be selected from a precise cost calculation for the accelerator itself and
the shielding taking into account the achievable neutron yield. The space requirements
of the site must also be considered. A change in the accelerator parameters also requires
a detailed redesign of the target-moderator-reflector assembly. In this regard, lead
or steel as a reflector materials should also be investigated. Even if the moderation
performance is not as favorable as for beryllium, they shield the gamma radiation
generated in the target, which reduces the need for additional shielding measures. The
purchase costs of steel is also significantly lower than that of beryllium. Regarding the
thermal moderator, not only the classical materials but also hydrogen-doped metals or
graphite are conceivable. The concentration of dopant represents a further parameter
in the optimization of the moderator performance. An example is ZrHj g5, for which
S(«, B) nuclear data is available. For other concentrations of dopant and materials, e.g.,
BeH,, CHy, ZrDy, experimental measurements are absolutely essential. For the novel
Flux Finger approach it should be investigated if the brilliance can be further increased

by burnishing the inner surfaces of the flux channels.

Depending on the accelerator performance, the use of a stationary target may not
be indicated due to an excessive surface power density. However, a rotating target
can drastically reduce the surface power density, but would also affect the moderator
geometry due to its size. Anyway, a full re-design is necessary if the final concept of
the target is specified. Additionally, detailed studies on the DPA-production have to
be carried out besides the assessment of the effects of thermal stress and hydrogen

embrittlement for each target configuration.

For cold moderators it has been shown that further studies on aromatic substances
are needed. Due to the poor availability of nuclear data, experiments are inevitable.
Furthermore, it has been found that pure parahydrogen moderators lead to under-

moderation of the neutrons due to the characteristic behavior of the cross section, as
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a result of which the neutrons do not reach thermal equilibrium with the moderator.
Mixtures of para- and orthohydrogen may improve this situation and are the subject of
current investigations.

In order to optimally adjust the neutron source to all important types of scattering
experiments, the operation of several target stations which are supplied by a single
accelerator and a beam multiplexer may be advantageous. Each target station could be
operated with specially adapted repetition rates, e.g., 25-50 Hz , 100 Hz, and 400 Hz and
corresponding pulse lengths and duty cycles, respectively. This also clearly results in
different optimum dimensions of the associated moderator-reflector setup. Thereby, the
implementation of fast and epithermal beamlines into the assembly should be considered
to serve additional types of experiments like neutron imaging or activation analysis.
Also conceivable are experiments whose optical axes are not horizontal so that additional
flux channels above or below the horizontal channels may be implemented.

To allow for a precise assessment of the performance of the individual instruments,
simulations with specialized codes such as McStas [132] or Vitess [133] are to be carried
out which use as input parameters the phase space coordinates of the neutrons entering
the beamlines. This information is supplied as single-event data, similar to the PTRAC
output, in the MCPL (Monte Carlo Particle List) file format [134]. Since these codes are
not capable of determining the background consisting of fast neutrons and gammas
at the sample and detector locations, separate MCNP calculations are required which
involve the geometry of the neutron source and its shielding as well as the setup of the
instrumentation.

With regard to the experiments on the AKR-2, further simulations should be carried
out, which represent the complete measurement setup in detail and higher resolution.
Based thereon, definitive conclusions can be drawn about the quality of the nuclear data

of the employed cryogenic moderator materials.
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A. Data and Cross Sections

E[MeV] E[meV] ©[m/s A [A] T K]
1.00x1071  1.00 x10* 44 904 0.0012
2.69x10712 0.0027 23 174 0.031
1.40x10~11 0.014 52 77 0.16
7.25x10~ 1 0.072 118 34 0.84
2.00x10710 0.20 196 20 2.32
3.76 <1010 0.38 268 15 4.36
5.68 %1010 0.57 330 12 6.59

1.72x107? 1.72 574 6.89 20
2.61x107° 2.61 707 5.60 30
3.45x10~° 345 812 4.87 40
4.55%x107° 455 933 4.24 53
5.22x107° 5.22 1000 3.96 61
6.89x1077 6.89 1148 3.44 80
1.01x1078 10.12 1392 2.84 117
1.31x1078 13.08 1582 2.50 152
2.05x10~8 20.50 1980 2.00 238
2.35x10°8 23.52 2121 1.86 273
2.53x1078 25.25 2198 1.80 293
3.00x10~8 30.00 2396 1.65 348
5.25x10~8 52.53 3170 1.25 610
1.27x10~7 127.00 4929 0.80 1474
2.73x1077 272.56 7221 0.55 3163

Continued on next page
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E[MeV] E[meV] ov[m/s] AA] T [K]
141x107° 141420 1.65x10* 024 1.64x10*
381x107° 3.81x10* 854x10* 0.046 4.42x10°
1.98x107*  1.98x10° 1.94x10° 0.020  2.29x10°

0.001  1.03x10° 4.43x10° 0.0089  1.19x107
0.005 5.32x10° 1.01x10° 0.0039  6.17 x 107
0.028 2.76x107 2.30x10° 0.0017  3.20x108

0.14 1.43x10® 5.23x10° 7.56x107* 1.66x10°
3.85 3.86x10° 272x107 1.46x10"* 4.47x10'
20.00 2.00x10" 6.19x107 6.40x107° 2.32x10!!

Table A.1.: Neutron energies ranging from ultra-cold to fast neutrons and corresponding values
for velocity, wavelength, and temperature. Cold neutrons are highlighted in blue whereas

thermal neutrons are highlighted in red.

A.1. Cross Sections

10° g
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10*

10°

© 1072

10° 10% 10°® 102 10! 10° 10 10*> 10° 10* 10° 10®° 10" 108
E [eV]

Figure A.1.: Elastic and radiative capture cross sections of typical moderator materials in depen-
dence to the incident neutron energy evaluated at a moderator temperature of 293.15K. Data is
taken from the ENDF/B-VIIL.1 database.
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10%

[b]

10° para-H, 20K
ortho—-H, 20K
para-D, 19K
10t ortho-D, 19K
Be 77K
Mesitylene 32K
Methan 10K
10—2 ‘ HEH I ‘ Hm“i A I T A I HEFHH
10° 10 10°® 102 10t 10° 10 10* 10® 10* 10° 10® 10" 108

E [eV]

Figure A.2.: Scattering cross sections of typical cold moderator materials in dependence to the
incident neutron energy evaluated at different temperatures. Data derived from the ENDF/B-VII

database except for mesitylene which is taken from [96] and methane taken from [135].
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Figure A.3.: (n,y) radiative capture cross section of gallium and two common gallium eutectics
taken from ENDEF/B-VII.1.
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Figure A.4.: (n,y) radiative capture cross section of different materials for the target backing.

The natural isotope composition for each material is considered.
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A.2. Formulas

Inelastic Scattering [67] The scattering law for inelastic scattering in the incoherent

approx1mat10n reads

| By
Smel(lx,ﬁ):% et o=1(1) 3¢ , (A1)

whereby f = kBLT is the time measured as a function of the temperature and the function

v(#) is given as

y(h) = /_O;p(/a) [1—e*iﬁﬂ e *2dp ,with

]I'<=1 0i(B)

P(p) = 2 B sinh(£/2) (A-2)

Thereby, p describes the frequency spectrum which reads p;(8) = w;d(B;) for discrete
oscillators, p;(B) = ps(B) for a solid-type spectrum and p;(B) = pi(B) for a translational
spectrum. The translational spectrum may either contain a free-gas law or a diffusion

spectrum occurring in liquids.

Phonon Expansion [67] Taking into account the solid-type spectrum ps for the scatter-
ing law in equation A.1, the exponential can be expanded as

el —e Y ["‘ | _P(peeitiap (A3)
n=0 """

where A is called the Debey-Waller coefficient which is a function of Ps(p) from equation

A.2 encompassing the lattice effects in crystalline media.

Incoherent Elastic Scattering [67] For hydrogenous solids the zero-th component of
the phonon series in equation A.3 corresponds to scattering without energy transfer
and interference and is thus referred to as incoherent elastic scattering for which the

scattering function reads

Sl B) =e 1 5(B) . (A4)

Coherent Elastic Scattering [67] For crystalline solids the zero-th phonon mode de-

scribes coherent elastic scattering without energy transfer and interference. The corre-
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sponding cross section is given by

Ofr _ . .
Ceon(E ) = =5 Y fre *VES(u—p) , with (A5)
Ei<E
E:
]/li = 1 - fl 7

where the Bragg edges E; =

; of the corresponding
vector of the reciprocal lattice of the solid and f; represent crystallographic structure

factors.

Liquid Hydrogen and Deuterium [67] As the spins of para- and orthohydrogen and -
deuterium are not arbitrarily distributed they have to be treated differently from equation

A.1. The explicit quantum-mechanical scattering law

p/o a,B) = ZP] Ap/o Z +Bp/o Z 2] +1) (A.6)
free J'=0,2/4,... J'=13,5,...
x Se(wa, B+ Bjy) (A7)
J'+]
< Y 4] (y)C*(JJ'1;00) (A.8)
I=|]"=]|

was considered by [136]. For parahydrogen and paradeuterium the summation is
carried out over even values of | whereas for orthohydrogen and orthodeuterium over
odd values. The parameters A and B are functions of the coherent and incoherent
scattering lengths, whose shape depends on the substance in question being ortho- or
para- hydrogen or deuterium. A statistical weight factor is represented by P; and B is
the energy transfer for a rotational transition, j;(x) a spherical Bessel function, C(J]'1;00)
the Clebsch-Gordan coefficients, and y is a function of the interatomic distances and

molecule mass in the substance.
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B.1. Laser-Driven Neutron Source
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Figure B.1.: Flux of cold neutrons with E < 7meV = 81K on the outwardly directed cold
moderator surface depending on its length. The optimum radius according to table B.1 is taken

into account. Values are given in terms of the neutron production at Trident operating at 10 Hz.
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Moderator rolem] ot [em] Do [sTPem ] Grer(Peod)
1.0 4 2.027 x 107 0.55%
1.5 5 2.415 %107 0.34%
2.0 5 2.632 %107 0.24%
2.5 5 2.696 x 107 0.19%
para-Hj, 20K 3.0 5 2.678 x 107 0.16%
35 6 2.617 x 107 0.14%
4.0 6 2.522 %107 0.12%
45 6 2.411 %107 0.11%
5.0 6 2.303 x 107 0.10%
1.0 2.0 2.864 x 107 0.46%
1.5 25 3.477 x 107 0.27%
2.0 25 3.671 %107 0.20%
2.5 25 3.667 x 107 0.16%
solid CHy, 22K 3.0 2.5 3.534 % 107 0.13%
35 2.5 3.346 x 107 0.12%
4.0 25 3.143 x 107 0.11%
4.5 2.5 2.936 % 107 0.10%
5.0 2.5 2.728 x 107 0.09%
1.0 3.0 1.024 x 107 0.77%
2.0 3.0 1.525 x 107 0.31%
Mesitylene, 32K 3.0 3.5 1.576 x 107 0.20%
4.0 3.0 1.461 x 107 0.15%
5.0 3.0 1.295 x 107 0.13%

Table B.1.: Flux of cold neutrons with E < 7meV = 81K on the outwardly directed cold
moderator surface depending on the radius for parahydrogen, solid methane and mesitylene.
For each radius the optimum length is listed. Values are given in terms of the neutron production

at Trident operating at 10 Hz.
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Figure B.2.: Neutron flux distribution in cm~2s~! of the German FRJ-2 research reactor. The

streaming effect can be seen very well at the pipes which break through the biological shield.
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Figure B.3.: Pulse shape of cold, thermal and fast neutrons at the exit of the channel ¢ = 90° in

a 1° cone in forward direction. Values are normalized to Trident operating at 10Hz.
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B.2. Accelerator-Driven Neutron Source
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Figure B.4.: Neutron yields calculated by [99] of protons on beryllium in dependence to the ion

energy. An empirical curve derived from measurements of Tilquin et. al is also included [100].
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Figure B.5.: Thermal neutron flux for different fractions of cooling water in the homogenized

target backing in a cylindrical beryllium moderator of two different sizes.
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B.2. Accelerator-Driven Neutron Source
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Figure B.6.: Thermal or cold brilliance, respectively, at the channel exits of the model with

original channel positions (solid lines) and for a configuration in which the channels originate at

the surface of the PE moderator (dashed lines).
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B.2.1. Verification of the Source File Approach

(a) Deviation for 10° particles. (b) Relative error for 10° particles.
(c) Deviation for 10° particles. (d) Relative error for 10° particles.

Figure B.7.: Deviation of the spatial neutron flux distributions calculated using source files of

different sizes and a full simulation with deuterons as starting particles and its relative error.
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Figure B.8.: Spectra of neutrons normalized to their maximum in the beryllium cylinder from

source files with different sizes. The full source file encompasses 2.6 x 10° particle entries.

B.2.2. Extraction of Thermal Neutrons
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Figure B.9.: Brilliance of thermal neutrons at different positions inside the flux channel with
r = 1lcm, ¢ = 45° (solid lines) and a bulk moderator, for which the channel is filled with material

up to the measuring position (dashed lines).
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Figure B.10.: Brilliance of thermal neutrons at different positions inside the flux channel with
r = 1lcm, ¢ = 90° (solid lines) and a bulk moderator, for which the channel is filled with material

up to the measuring position (dashed lines).
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Figure B.11.: Brilliance of thermal neutrons at different positions inside the flux channel with
r = 3cm, ¢ = 10° (solid lines) and a bulk moderator, for which the channel is filled with material

up to the measuring position (dashed lines).
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Figure B.12.: Brilliance of thermal neutrons at different positions inside the flux channel with
r = lcm, ¢ = 120° (solid lines) and a bulk moderator, for which the channel is filled with

material up to the measuring position (dashed lines).

B.2.3. Energy-Resolved Brilliance
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Figure B.13.: Energy-resolved brilliance of neutrons leaving the channel with r = 1cm, ¢ = 90°.

The thermal regime is marked by horizontal dotted lines.
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Figure B.14.: Energy-resolved brilliance of neutrons leaving the cold methane channel with

r = 3cm, ¢ = 10°. The cold regime is marked by horizontal dotted lines.
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Figure B.15.: Energy-resolved brilliance of neutrons leaving the channel with r = 3cm, ¢ = 90°.

The thermal regime is marked by horizontal dotted lines.
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B.2.4. Temporal Pulse Shapes
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(a) Logarithmic plot.
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Figure B.16.: Temporal pulse shape of cold, thermal and fast neutrons with a maximum diver-
gence of 6 = 1° in the parahydrogen channel with r = 1 cm, ¢ = 45° considering instantaneous

proton pulses according to section 4.2.5.3. The FWHM is indicated in the plot.
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Figure B.17.: Temporal pulse shape of cold, thermal and fast neutrons with a maximum diver-

gence of § = 1° in the channel with ¥ = 1 cm, ¢ = 90° considering instantaneous proton pulses

according to section 4.2.5.3. The FWHM is indicated in the plot.
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Figure B.18.: Temporal pulse shape of cold, thermal and fast neutrons with a maximum diver-
gence of § = 1° in the cold methane channel with » = 3cm, ¢ = 10° considering instantaneous

proton pulses according to section 4.2.5.3. The FWHM is indicated in the plot.
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Figure B.19.: Temporal pulse shape of cold, thermal and fast neutrons with a maximum diver-

gence of § = 1° in the channel with ¥ = 3cm, ¢ = 90° considering instantaneous proton pulses
according to section 4.2.5.3. The FWHM is indicated in the plot.
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B.2.5. Brilliance for Different Reflector Thicknesses
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Figure B.20.: Brilliance of thermal neutrons leaving the channel with r = 1cm, ¢ = 90° for all

reflector thicknesses investigated and a proton pulse width of 200 ps.
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Figure B.21.: Brilliance of thermal neutrons leaving the channel with » = 1 cm, ¢ = 120° for all

reflector thicknesses investigated and a proton pulse width of 200 ps.

-187 -



B. Additional Simulation Results Dipl.-Phys. ]. P. Dabruck

60/ T T T T T T 1

! ' I T I T I
: Reflector 46 cm ——
5067 Reflector 32 cm —— | |
<:(:_ Reflector 17 cm ——
7 | IR Reflector 5 cm
B 4,007 | [T b
o
E F
o : : : : : : : : : : : : : : : :
-
D 0 A ] e e
g L
<
~ 2067 - 1
(@
| L
2 1.0e7 =
SO NS N S N N S T S e A S S s e s e
0 2 4 6 8 10 12 14 16 18 20

o [
Figure B.22.: Brilliance of cold neutrons leaving the methane channel with ¥ = 3cm, ¢ = 10°

for all reflector thicknesses investigated and a proton pulse width of 200 ps.
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Figure B.23.: Brilliance of thermal neutrons leaving the channel with r = 3 cm, ¢ = 90° for all

reflector thicknesses investigated and a proton pulse width of 200 ps.
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B.2.6. Pulse Shapes for Different Reflector Thicknesses
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Figure B.24.: Pulse shape of thermal neutrons leaving the channel with r = 1cm, ¢ = 90° for all
reflector thicknesses investigated in a maximum divergence of = 1° for a proton pulse width

of 200 us.
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Figure B.25.: Pulse shape of thermal neutrons leaving the channel with r = 1cm, ¢ = 120° for
all reflector thicknesses investigated in a maximum divergence of § = 1° for a proton pulse

width of 200 us.
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Figure B.26.: Pulse shape of cold neutrons leaving the methane channel with » = 3 cm, ¢ = 10°

for all reflector thicknesses investigated in a maximum divergence of § = 1° for a proton pulse
width of 200 us.
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Figure B.27.: Pulse shape of thermal neutrons leaving the channel with r = 3cm, ¢ = 90° for all

reflector thicknesses investigated in a maximum divergence of 6 = 1° for a proton pulse width
of 200 us.
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Figure B.28.: Energy-resolved pulse shape of the thermal flux channel with 7 = 1cm, ¢ = 90° for
different reflector thicknesses and a proton pulse width of 200 ps. Neutrons with a divergence

of 6 < 5° are considered for better statistics.
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Figure B.29.: Energy-resolved pulse shape of the thermal flux channel with » = 1cm, ¢ = 120°
for different reflector thicknesses and a proton pulse width of 200 us. Neutrons with a divergence

of 8 < 5° are considered for better statistics.
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Figure B.30.: Energy-resolved pulse shape of the methane flux channel with r = 3cm, ¢ = 10°
for different reflector thicknesses and a proton pulse width of 200 us. Neutrons with a divergence

of 6 < 5° are considered for better statistics.
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Figure B.31.: Energy-resolved pulse shape of the thermal flux channel with r = 3 cm, ¢ = 90° for
different reflector thicknesses and a proton pulse width of 200 us. Neutrons with a divergence

of 8 < 5° are considered for better statistics.
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B.3. Prototype at the AKR-2 Reactor
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Figure B.32.: MCNP-computed and experimentally validated spectra in the reactor core and at

different positions behind the exit of the radial channel on its axis. Calculations and measure-

ments were conducted by [128].
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C.1. PTRAC Source File

C.1.1. Generation of the Source File

If using the PTRAC command in the MCNP input an additional output file is created
in which individual particle events are recorded. As only primary neutrons are of
interest the recorded events must be filtered by using additional criteria [84]. The type
of particles is restricted to neutrons by the TYPE=n keyword. The event type is set to
“bank”, see 2.5, via EVENT=bnk. To exclude secondary neutrons from (n, 2n) the lower
energy cutoff for neutrons is set to 200 MeV so that all neutrons are terminated directly
after creation. Additionally, the maximum number of collisions for neutrons which are
to be recorded is set to 0. The MCNP input lines relevant for the correct generation of
the PTRAC file read:
1 CUT:n j 200
2 PTRAC BUFFER=10000 FILE=ASC WRITE=ALL TYPE=n EVENT=bnk FILTER=0,NCP MAX=4E7

As multithreading and multiprocessing is not possible when using PTRAC, the MCNP
calculations for generating the source file have to be performed in single jobs. To increase
the calculation effectiveness, several serial jobs are started simultaneously, each using a
different random number seed, see 2.5. In this way, different PTRAC outputs are generated,
which can be easily concatenated. Bash scripts are used to start the individual jobs with
different random number seeds, to process the PTRAC outputs and to generate the actual

source file. These scripts are explained hereafter.

PTRAC Card to Record Particle Termination Events The PTRAC feature is also used
to record termination events of the primary ions in the target, as discussed in section
4.1.2.2 and 4.1.2.3. The corresponding PTRAC card for the MCNP input reads:

1 PTRAC BUFFER=1000 FILE=ASC WRITE=ALL TYPE=h EVENT=ter MAX=1E8
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Extract from PTRAC File An excerpt from the additional output encompassing the
requested PTRAC data is listed hereafter. The first ten lines represent the header providing
general information about the problem. Afterwards all histories complying to the
specifications in the PTRAC card are listed, whereby the first line, e.g., line 11 of the first
entry, of each entry contains the corresponding history number during the MCNP run
and the event type 2030 which denotes a bank event where the banked particle is a
neutrons produced by a light ion. The 9000 in the following line indicates that this event
is the last event of the history in question. This line also contains additional information
on the event like the material ZAID, the particle type, the cell number, the material
number, and the number of collisions of the history. The actual particle data is stored
in the next line as XXX, YYY, ZZZ, UUU, VVV, WWW, ERG, WGT, TME, cf. table C.1. In

history 140 two neutrons are produced by one initial proton.

1 -1

2 menp  6.mpi 06/18/15 08/08/16 14:24:01

3 ¢

4 1.4000E+01 1.0000E+00 1.0000E+04 1.0000E+00 1.0000E+00 1.0000E+00 2.0000E+00 1.0000E+00 1.0000E+00
3.0000E+00

5 0.0000E+00 0.0000E+00 2.0000E+01 1.0000E+00 4.0000E+07 0.0000E+00 0.0000E+00 0.0000E+00 0.000OE+00
1.0000E+00

6 1.0000E+00 0.0000E+00 1.0000E+00 2.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00

7 3 7 9 8 9 8 9 8 9 8 9 0 4 0 0 0 0 0 0 0

8 1 2 3 7 8 9 16 17 18 19 20 21 22 23 24 25 26 27 28 7 8 10 11 16 17 18
19 20 21 22

9 23 24 25 26 27 28 7 8 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 7 8 10
11 16 17 18

10 19 20 21 22 23 24 25 26 27 28 7 8 14 15 16 17 18 19 20 21 22 23 24 25 26 27
28

11 25 2030 1

12 9000 3 4009 -1 1 1 1 0

13 -0.62683E-03 0.10440E-02 -0.20211E+01 -0.58814E+00 -0.63664E+00 0.49878E+00 0.78152E+00 0.10000E+01
0.53128E-01

14 42 2030 1

15 9000 3 4009 -1 1 1 1 0

16 0.17818E-03 0.85205E-03 -0.22417E+01 0.34453E+00 0.87363E+00 0.34362E+00 0.85024E+01 0.10000E+01
0.50604E-01

17 46 2030 1

18 9000 3 4009 -1 1 1 1 0

19 0.10086E-01 -0.18248E-01 -0.14135E+01 -0.61464E+00 0.41464E-01 0.78772E+00 0.13309E+01 0.10000E+01
0.61102E-01

20 64 2030 1
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21 9000 3 4009 -1 1 1 1 0

22 -0.11083E-01 0.34542E-01 -0.13867E+01 0.43731E+00 0.86541E+00 0.24459E+00 0.17240E+02 0.10000E+01
0.61592E-01

23 93 2030 1

24 9000 3 4009 -1 1 1 1 0

25 0.00000E+00 0.00000E+00 -0.24109E+01 -0.47870E+00 0.44627E+00 0.75610E+00 0.37142E+02 0.10000E+01
0.48751E-01

26 126 2030 1

27 9000 3 4009 -1 1 1 1 0

28 0.90931E-02 0.18371E-01 -0.11247E+01 0.66577E+00 -0.52584E+00 0.52938E+00 0.20840E+01 0.10000E+01
0.66397E-01

29 140 2030 1

30 2030 3 4009 -1 1 1 1 0

31 -0.14329E+00 -0.12661E+00 -0.12591E+01 -0.19159E+00 -0.46182E+00 -0.86604E+00 0.15611E+01 0.95066E+00
0.64963E-01

32 9000 3 4009 -1 1 1 1 0

33 0.29365E-02 -0.16939E-01 -0.14845E+01 -0.29158E-01 -0.31713E+00 0.94793E+00 0.22298E+02 0.10000E+01
0.60061E-01

Extract from Source file The PTRAC file is parsed to extract the particle parameters line
by line as shown in the excerpt from the generated source file. The first line is a header
containing the particle type, the number of entries and lines, respectively, of the file as

well as the number of the cell where the particles are to be started.

1 1 1996621 1

2 -6.26830e-04 1.04400e-03 -2.02110e+00 -5.8813981e-01 -6.3663980e-01 4.9877984e-01 7.81520e-01 5.31280e-02

3 1.78180e-04 8.52050e-04 -2.24170e+00 3.4452914e-01 8.7362781e-01 3.4361914e-01 8.50240e+00 5.06040e-02

4 1.00860e-02 -1.82480e-02 -1.41350e+00 -6.1463865e-01 4.1463909e-02 7.8771827e-01 1.33090e+00 6.11020e-02

5 -1.10830e-02 3.45420e-02 -1.38670e+00 4.3731027e-01 8.6541053e-01 2.4459015e-01 1.72400e+01 6.15920e-02

6 0.00000e+00 0.00000e+00 -2.41090e+00 -4.7870052e-01 4.4627049e-01 7.5610083e-01 3.71420e+01 4.87510e-02

7 9.09310e-03 1.83710e-02 -1.12470e+00 6.6576981e-01 -5.2583985e-01 5.2937985e-01 2.08400e+00 6.63970e-02

8 -1.43290e-01 -1.26610e-01 -1.25910e+00 -1.9158907e-01 -4.6181776e-01 -8.6603579e-01 1.56110e+00 6.49630e-02
9 2.93650e-03 -1.69390e-02 -1.48450e+00 -2.9158103e-02 -3.1713112e-01 9.4793336e-01 2.22980e+01 6.00610e-02

C.1.2. The Source Subroutine

If no source definition is specified by usage of the cards SDEF, KCODE, or SSR in the input
file, MCNP calls the subroutine SOURCE which is empty by default. For custom source
definitions the user has to implement this subroutine in which the parameters of the
source particles are assigned.

Mandatory particle parameters are given in table C.1. Only the parameters ERG,

TME, UUU, VVV, WWW, XXX, YYY, ZZZ are read from the source file while IPT = 1 (1
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for neutrons), WGT = 1, ICL = 1, and JSU = 0 are hard-coded in the subroutine. It has to
be taken into account that MCNP performs a cross check of the source definition during
which the coordinates of the starting particle are compared to the cell number ICL. If
the source coordinates are not located within the cell ICL MCNP is terminated with a
bad trouble error. For this reason, a change in the target geometry always requires the

generation of a new source file.

Source Parameter Description

ERG energy of the particle in MeV

TME time when the particle started in shakes
Uuu, VVV, WWW flight direction of the particle

XXX, YYY, ZZZ position of the particle

IPT type of the particle

WGT statistical weight of the particle

ICL cell where the particle started

Jsu surface where the particle started (0 if not started on a surface)

Table C.1.: Source variables which have to be set in the SOURCE subroutine for each source

particle.

The SOURCE subroutine is listed hereafter. In the lines 3-11 the needed modules are
called and some variables are defined. A function getUnit to read a set of parameters is
defined in lines 16-31. The subroutine init defined in lines 33-67 opens the external
source file and allocates the parameters to an two-dimensional array by using the function
getUnit. The actual source subroutine is located in lines 70-104. In this subroutine the
particle parameters stored in the array are assigned to the MCNP-internal variables for
the source particles as given in table C.1. The source subroutine is MCNP-internally
embedded in a particle loop which runs up to the number of nps. The variable counter
defines which line of the array is to be used for the current starting particle and is
increased according to the MCNP-internal particle loop. If counter >nps, counter is set

to zero and the first entry of the source file is used for the next history.

1 module source_data

3 use mcnp_params, only:idknd, dknd
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4 use mcnp_global

5 implicit none

6 save

8 integer(i4knd) :: counter = 1

9 integer(i4knd) :: num_particles, in_cell, par_type

10 real(dknd), dimension(:,:), allocatable :: particle_data

11 logical, private:: data_read = .FALSE.

12 t1$omp threadprivate(counter)

13 contains

15 integer function getUnit()

16 implicit none

17 integer(i4knd) :: unit

18 logical :: isOpen

20 integer, parameter :: MIN_UNIT_NUMBER = 30

21 integer, parameter :: MAX_UNIT_NUMBER = 99

23 do unit = MIN_UNIT_NUMBER, MAX_UNIT_NUMBER

24 inquire(unit = unit, opened = isOpen)

25 if (.not. isOpen) then

26 getUnit = unit

27 return

28 end if

29 end do

30 end function getUnit

32 subroutine init()

34 implicit none

35 integer :: namchg

36 integer(i4knd) :: unt, stats, i

38 if ( data_read == .FALSE. ) then

39 '$omp single

40 unt = getUnit()

41 open(unit=unt, file=’particle.input’, iostat=stats, status=’0ld’, action=’read’)
43 if(stats > 0) then

44 call expirx(1,’source_data’,’could not open source particle information file’)
45 end if

47 read(unt, *, iostat=stats) par_type, num_particles, in_cell

48 ! convert problem name of cell tp "programm" name (array index)
49 in_cell = namchg(l, in_cell)
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if(stats > 0) then
call expirx(1,’source_data’,’read error’)

end if

allocate(particle_data(1:8, 1:num_particles), stat=stats)

do i=1, num_particles
read(unt, *) particle_data( : , i)

end do

close(unt)
data_read = .TRUE.
!$omp end single

!$omp barrier

end if

end

subroutine init

end module source_data

subroutine source

use

use

use

mcnp_global
mcnp_debug
mcnp_random

source_data

implicit none

call init()

IPT
WGT
ICL
JSU

= par_type
=1.0
= in_cell

=0

'$omp critical

XXX
YYY
277
uuu
VvV
WWW
ERG
TME

= particle_data(l, counter)
= particle_data(2, counter)
= particle_data(3, counter)
= particle_data(4, counter)
= particle_data(5, counter)
= particle_data(6, counter)
= particle_data(7, counter)

= particle_data(8, counter)

counter = counter + 1
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97 if (counter > num_particles) then
98 counter = 1

99 end if

101 '$omp end critical

103 end subroutine source

C.2. Data Binning Tool

The binning tool for analyzing the source file introduces two one-dimensional arrays
which describes the bin boundaries defined in the file grid. input (lines 8-53 ) and
a two-dimensional array whose elements correspond to the actual bin values. When
passing through the source file line by line, the parameters to be binned are compared
with the first two arrays and the corresponding element of the two-dimensional array
is incremented by 1 for a match as achieved by lines 73-100. The output of the bin

boundaries and the associated bin values occurs in the lines 101-110.

1 package binning;

2 import java.io.*;

4 public class Binning {

6 public static void main(String[] args) {

8 String grid = "grid.input";

9 String p = "particle.input";

10 String out = "binning.output";

11 try {

12 int spl = 0;

13 int sp2 = 0;

14 // int binMittelpunkt = 0, binBreiteX = 0, binBreiteY = 0;
15 double[] binl = null;

16 double[] bin2 = null;

17 long[][] binning;

18 String infol = "Infol";

19 String info2 = "Info2";

20 FileInputStream gridStream = new FileInputStream(grid);

21 DataInputStream gridin = new DatalnputStream(gridStream);
22 BufferedReader brl = new BufferedReader(new InputStreamReader(gridin));
23 String gridlinel;
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24 int k = 1;

26 while ((gridlinel = brl.readLine()) != null) {

27 if (k == 1) {

28 infol = gridlinel;

29 } else if (k == 2) {

30 gridlinel = gridlinel.trim();

31 gridlinel = gridlinel.replaceAll("\\s+", " ");
32 String[] line = gridlinel.split(" ");

33 spl = Integer.parseInt(line[0]);

34 sp2 = Integer.parseInt(line[1]);

35 } else if (k == 3) {

36 gridlinel = gridlinel.trim();

37 gridlinel = gridlinel.replaceAll("\\s+", " ");
38 String[] line = gridlinel.split(" ");

39 binl = new double[line.lengthl;

40 for (int i = 0; i < line.length; i++) {

41 bin1[i] = Double.parseDouble(line[i]);
42 }

43 } else if (k == 4) {

44 gridlinel = gridlinel.trim(Q);

45 gridlinel = gridlinel.replaceAll("\\s+", " ");
46 String[] line = gridlinel.split(" ");

47 bin2 = new double[line.length];

48 for (int i = 0; i < line.length; i++) {

49 bin2[i] = Double.parseDouble(line[il);
50 ¥

51 }

52 k++;

53 3

54 binning = new long[binl.length] [bin2.lengthl;

56 for (int 1 = 0; i < binl.length; i++) {

57 for (int j = 0; j < bin2.length; j++) {

58 binning[i] [j] = 0;

59 }

60 ¥

61 gridin.close();

63 PrintWriter bout = new PrintWriter(out);

64 FileInputStream pStream = new FileInputStream(p);
65 DatalnputStream pin = new DatalnputStream(pStream);
66 BufferedReader br2 = new BufferedReader(new InputStreamReader(pin));
67 String gridline2;

69 double tmpl, tmp2;
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70 int bil;

71 int b2;

73 if ((gridline2 = br2.readLine()) != null) {

74 info2 = gridline2;

75 //System.out.println("Info 2: " + info2);
76 }

77 while ((gridline2 = br2.readLine()) !'= null) {
78 bl = 0;

79 b2 = 0;

80 gridline2 = gridline2.trim();

81 gridline2 = gridline2.replaceAll("\\s+", " ");
82 String[] line = gridline2.split(" ");

83 tmpl = Double.parseDouble(line[spl - 1]);
84 tmp2 = Double.parseDouble(line[sp2 - 1]);
85 for (int i = 0; i < binl.length; i++) {

86 if (tmpl > bini[i]) {

87 bl++;

88 }

89 3

90 for (int i = 0; i < bin2.length; i++) {

91 if (tmp2 > bin2[i]) {

92 b2++;

93 }

94 }

95 if (bl >= bini.length | b2 >= bin2.length) {
96 continue;

97 } else {

98 binning[b1] [b2]++;

99 3

100 }

101 bout.println("#" + infol);

102 bout.println("#" + info2);

103 for (int i = 1; i < binl.length; i++) {

104 for (int j = 1; j < bin2.length; j++) {

105 bout.println((bini[i] + bini[i - 11) / 2 + " " + (bin2[j] + bin2[j - 11) / 2
106 + " " + binning[i][j] / ((bin1[i] - bini[i - 11) * (bin2[j] - bin2[j - 11)));
107 }

108 }

109 pin.close();

110 bout.close();

111 } catch (Exception e) {

112 System.err.println("Error: " + e.getMessage());
113 3

114 }

15}
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