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Abstract

The TRIGA Mark II reactor at the Atominstitut in Vienna is a research
reactor which has been operating since 1962 with three different fuel types.
In 2012 the old, mixed core was shipped back to the US and a very low
burned uniform core was installed. This core replacement has an effect on
the neutron flux distribution in the core and the Beam Tubes. The purpose
of this work is to determine the physical properties in one of the horizontal
Beam Tubes through Monte Carlo simulations with the MCNP6 code pack-
age. To an already existing model of the reactor core and the aluminium
water tank, the outer parts of the reactor (containing all horizontal Beam
Tubes, the thermal and thermalizing column and the concrete shielding) are
added with MCNP6 to create a geometric model of the whole reactor. Then
the neutron flux in the Beam Tube B is simulated with MCNP6 and the
requested properties are tallied. The results are then compared to existing
experimental data, which were obtained by measurement of the neutron flux
at three different points along the Beam Tube B. The aim of the comparison
of simulated and experimental values is the validation of the present MCNP
reactor model in the out of the core regions. The simulation of the neutron
flux at these points showed a satisfactory agreement with the experimental
data.
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Zusammenfassung

Beim TRIGA Mark IT Reaktor des Atominstitutes der TU Wien handelt
es sich um einen Forschungsreaktor, welcher seit 1962 in Betrieb ist und
seither mit drei unterschiedlichen Brennstofftypen betrieben wurde. Der bis
2012 im Reaktorkern verwendete Brennstoff, der eine unterschiedliche Nuk-
lidzusammensetzung aufgrund des Abbrandes aufwies, wurde zuriick in die
USA geschickt und der Kern mit neuem unverbrannten und einheitlichen
Brennstoff bestiickt. Diese Neubelegung des Kerns hat eine Auswirkung auf
die Flussverteilung im Kern selbst, sowie dem Neutronenfluss in den um-
gliegenden Neutronenstrahlrohren. Ziel der nun folgenden Diplomarbeit war
die Bestimmung der physikalischen Eigenschaften in einem der vorhandenen
Strahlrohren mittels Monte Carlo Simulationen. Dazu wurde das Programm
MCNP in der Version 6 verwendet. Ein bereits exisiterendes Modell des Re-
aktorkerns, sowie des Reaktortanks, in MCNP6 wurde um die Strahlrohre,
der dazugehdérnden thermische Séule und der Neutronen-Radiographieanlage
erweitert. Nachdem auch die Schwerbetonaufbauten rund um diese Experi-
mentiereinrichtungen im Modell beriicksichtigt wurden, entstand somit ein
Modell des gesamten Reaktors in MCNP6. Danach wurde der Neutronen-
fluss im Strahlrohr B mittels MCNP6 simuliert und die gewiinschten Eigen-
schaften diese Flusses festgehalten. Diese Daten wurden danach mit bereits
existierenden experimentellen Daten des Neutronenflusses verglichen, um so-
mit die Funktionalitit des MCNP Reaktormodels in den dufleren Bereichen
des Reaktors zu validieren. Die Simulationsdaten zeigen eine befriedigende
Ubereinstimmungen zu den experimentellen Daten.
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Introduction

The MCNPG6 code package enables the user to obtain data through Monte-
Carlo simulations on diverse particle transport problems. The program is
often used for neutron transport and so it’s heavily used in the characteri-
zation of nuclear reactors and other radiation facilities. It is as well possible
to do Monte-Carlo simulations on photon- and electron transport problems
- so MCNP can be used in other fields, like the characterization of photon
detectors. In this work, the MCNP code is used to characterize the neutron
flux in the Beam Tube B at the TRIGA Mark II reactor at the Atominstitut
Vienna. The TRIGA Mark II reactor is a research reactor with a continuous
max-energy of 250kW - nonetheless there is also the possibility of operating
the reactor in pulse mode, where the energy range of the pulses can reach up
to 250MW. The reactor itself is used for training and research purposes. For
research, there are 4 horizontal Beam Tubes (3 radial to the core - 1 tangen-
tial to the core), the thermal column and a neutron radiography facility, as
well as different in-core irradiation positions. Since the reactor reached it’s
first criticality in 1962, adjustments have been made, like the implementation
of new fuel elements. Of course such adjustments have complex influence on
the physical behaviour (in terms of criticality for example) of the reactor
itself, as well as on the neutron flux and energy spectrum of the neutrons in
the irradiation positions, which are used for research purposes. In chapter 3
of this thesis, an overview of neutron and reactor physics is provided, which
is necessary to understand the following simulations and considerations. In
chapter 4 and 5, a summary of the properties of the TRIGA Mark II reactor
at the Atominstitut Vienna and the functions of the MCNP6 code is given.
The chapters 6 to 10 will then deal with the simulation of the TRIGA Reac-
tor Vienna and the related tasks. At first the geometrical properties of the
reactor itself must be defined.
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To an already existing model of the reactor core and the inner tank wall,
the outer parts of the reactor are added. All experimental facilities are mod-
elled and all used materials are defined. Then the desired quantities, like the
neutron flux, are simulated with MCNP6 and recorded in 16 different points
along the Beam Tube. One of the key parts of running a MC-Simulation is
the verification of the tallied results. The two main error sources, accuracy
(systematic error) and precicison (statistical error) must be reduced to get
an exact and physical correct result. This is achieved through different vari-
ance reduction techniques, which are described in chapter 5.4 and are then
applied to the model in chapter 9. Chapter 10 deals with the conversion of
the gained tally scores from the simulation process, to obtain data of the
neutron flux. In chapter 11 the converted neutron flux from the simulation
process is presented and then compared with the experimental data in [1]
and [2].
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Goals of this Thesis

The main part of this thesis is to construct the TRIGA Mark II reactor and
all 4 Beam Tubes with MCNP6. The thermal column and the neutron ra-
diography facility are also modelled, but the stringer access and other details
in this two experimental facilities have not been taken into account. The
materials of the various parts of the components have been determined and
are shown in Appendix A. Then on the basis of [1], 3 measurement points in
Beam Tube B have been inserted in the model to determine the neutron flux
(both thermal and total). In these 3 measurement points, the neutron flux
is then simulated with MCNPG6. Because of the geometry of the reactor and
the limited computational resources, some adjustments within the model had
been made to gain reliable results. Therefore MCNP6 implemented variance
reduction techniques have been used to spare computational time. At first,
the simulation result in point 1 was compared to the measured value and
the MCNP simulation done in [2] to confirm the assumption of the graphite
configuration in the graphite reflector enclosing the core. The next task in
this work was to compare the simulated results along the Beam Tube with
the measurement results in [1] and to validate the functionality of the model
of the Vienna TRIGA Mark II reactor in MCNP6 to be used in further
applications.
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Figure 1 — The TRIGA Mark II reactor at Atominstitut Vienna [3]
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Chapter 1

Fundamentals of Reactor
Physics

In the following chapter I will give a quick overview over the neutron physics
behind nuclear reactions and reactor physics to lay a foundation for the
upcoming chapters, which will include the simulation and interpretation of
such events.

1.1 The Composition of the Nucleus

The nucleus of an atom consist of 2-types of particles. The protons and the
neutrons. The number of protons is called the atomic number of the nucleus
of the atom. It is identical with the nuclear charge number and hereinafter
defines the typical properties of the element itself. The number of protons
is often identified with the letter Z. The neutrons, which are identified with
the letter N, are also part of the nucleus and summed up with the number
of protons they result in the mass number of the atom. The ingredients and
composition of the atomic nucleus that have been described in the above
section are usually defined by the following notation:

X

A and Z identifies the mass- and atomic number (subsequently the num-
ber of neutrons can be identified with N), while X stands for the element
symbol of the atom. Nuclei with the same number of protons but different
mass number (hence a different neutron number) are called isotopes. In the
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Chapter 1 Fundamentals of Reactor Physics

following part of this chapter, we will see that nuclei with a higher proton
number tend to have more neutrons to neutralize the Coulomb forces between
the positive charged protons.

1.2 Binding Energy

The neutrons and protons of the nucleus are primarily hold together by the
nuclear force. As one can see in Figure 1.1 the nuclear force has a maximum
of binding energy at a distance of about 1 femtometer — at longer distances,
the nuclear force rapidly decreases to zero, but the force is still strong enough
to overcome the far reaching Coulomb force produced by the positive charged
protons.

Force (x 10% N)

0 0.5 1 1.5 2 25
Range (fm)

Figure 1.1 — Residual nuclear force depending on the distance between two
nucleons [4]
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Chapter 1 Fundamentals of Reactor Physics

At shorter distances (about 0.7 femtometer) the strong nuclear force be-
comes highly repulsive and is hence a limiting factor to the size of the nucleus.
The essence of using nuclear force in nuclear power plant lies in the fact of the
mass defect of a build-up nucleus. The mass defect describes the phenomenon
of the discrepancy of the masses between the nucleus and sum of its compo-
nents. So when we build a nucleus from its components, the discrepancy of
masses is described as in equation (1.1):

A777/binding =7Z- mproton + N - Mpeutron — Mupucleus (11)

This AMpinding 18, according to the mass-energy-equivalence (equation
(1.2)), described as the binding energy of the nucleus, hence the energy which
is needed to split the nucleus into it’s components.

E=Am - ¢ (1.2)

In order to get a better view on the exact value of this binding energy,
we must often rely to semi-empirical methods. An often used formula is the
Bethe-Weizsiicker formula (equation (1.3)) which is based on both a theoret-
ical and an empirical approach to determine the binding energy in atomic
nuclei. The formula itself is a summation of various terms, which describe
different forces in the nucleus and allow us to get an empirical view of the
scale of the binding energy according to the number of protons and neutrons
in a nucleus.

Amc®=a,A — apAs — a, AZ 3 — ao(N — Z)?A7" + ea, A7/? (1.3)

The first term of the equation identifies the force of the strong nuclear
force on the nucleons - the second term accounts the Coulomb forces between
the protons in the nucleus. The third term accounts the asymmetry between
the number of neutrons and protons - so a core with the same number of
protons and neutrons is the most stable. The last term is identified as the
pairing term, which considers the fact that even or odd numbers of neutrons
or protons in the core have an influence on the binding energy. The pairing
term is shown in equation (1.4).

0 for even-even nucleon numbers
E, = ea,A71/? e =<1 for even-odd nucleon numbers (1.4)

1 for odd-odd nucleon numbers .
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Chapter 1 Fundamentals of Reactor Physics

This term is accountable that some isotopes of uranium and plutonium
are necessary for the neutron induced fissioning process in nuclear reactors,
as we will see later in this chapter.

) Fe-56 3
9 Ar40 7% Sr88  Ag109  xe.132

SA1%8  w-184  pp.p08
U-238 ¢ 5e0

E,/MeV
[&)]

0 50 100 150 200 250
A

Figure 1.2 — Binding energy per nucleon in dependency of mass number [5]

A visualisation of the binding energy of one nucleon in a core can be seen
in Figure 1.2. As one can see the maximum of the binding energy is in the
range of about 60 nucleons per core with **Ni to be the nucleus with the
highest binding energy per nucleon.

The dependency of the binding energy from the number of nucleons, as
you can see in Figure (1.2)), plays an essential role in the use of nuclear
power in energy generation such as in nuclear power plants. The Binding
energy is the energy released when a random nucleus is assembled from it’s
components. When a neutron is captured in a nucleus with a mass number
of A > 100 for example, the binding energy ratio % is lowered, as shown
in above. So it’s possible to release energy by fissioning a nucleus with a
larger mass number in two lighter nuclei, as it is done in nuclear reactors.
Of course, it is also possible to unite lighter nuclei to release energy by the
process of fusion, even though the energy released from fissioning a heavy
nucleus is higher, because there are more nucleons involved in the process.
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Chapter 1 Fundamentals of Reactor Physics

1.3 The Fission Process

As discussed in the above section, energy can be released by fissioning a
heavier nucleus into two lighter nuclei. Even though some nuclei are un-
stable enough that an event like fission occurs without an outer factor, the
main fissioning process in nuclear reactors must be induced by adding en-
ergy to the nucleus. In reactors, this energy is provided by neutrons.

At a mass number of about A > 100 the fission of a heavier nucleus in
two lighter nuclei becomes energetically possible, as the reaction energy of the
progress, identified with @)y, becomes greater than zero. Since most nuclei
are stable enough to not disintegrate spontaneously, activation energy must
be induced to the nucleus to start the fission process. This activation energy
heavily depends on the Coulomb forces produced by the protons (Z; and Z)
of the two fission fragments. So the Coulomb force between the fission pieces
of a nucleus is shown in equation (1.5):

2 AR
Bo=—- . 2% (1.5)
r - 4meq A - A3

where A; and A, mark the mass number of the two fission products.

The energy needed to start the fission process is then shown in equation
(1.6):

E.=E.—Q; (1.6)

This progress is illustrated in Figure 1.3. The fission process then appears
not as a sudden event, rather as a starting deformation of the nucleus, until
a certain energy threshold is reached, which leads to the separation of the
nucleus into various parts.
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Chapter 1 Fundamentals of Reactor Physics

E 4

v

Z=30
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Z=120

Figure 1.3 — Nuclear fission process - s defines the distance of the center of
masses of the fission products [5]

So for fissioning a nucleus it is often necessary to induce some kind of
energy to start this deformation process. Nevertheless there are some types
of nuclei, which are unstable enough to undergo a fission process with very
low, or even none energy supplied to the nucleus. This is due to the number
of protons and neutrons in a nucleus. If we look at the semi empirical mass
formula - or Bethe-Weizécker formular - one can see, that a nucleus with an
even number of protons and electrons has a higher binding energy as uneven
nuclei. So for some isotopes like ?*°U, ?*°U, ?*Pu and ?*'Pu (with even pro-
ton, but uneven neutron numbers) it is possible to raise the binding energy
by bringing another neutron to the nucleus. When a neutron is captured by
such a nucleus, energy (in form of binding energy) is released, that is high
enough to surpass the fissioning induction energy threshold (E, in equation
(1.6)) to start a fissioning process of the nucleus. It is not necessary for the
neutron to have a high kinetic energy to start a fission process, and as we

10
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Chapter 1 Fundamentals of Reactor Physics

will see in the next chapter, this comes in handy, because the fissioning cross
section of U is the highest for low-energy (thermal) neutrons.

The fission process of ?°U

The fissile material **U can undergo fission, when energy is induced by
low energy neutrons or even on a spontaneous occasion when no energy is
added to the nucleus. The 23U - core is then separated in lighter nuclei,
which are statistically distributed around the values 95 and 140 as one can
see in Figure 1.4.

10 T | T ] T T [

T T T TTITT
ot

1] |iT||f||
ool

107"

WA

T Illlllrl

YIELD, %
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Figure 1.4 — Distribution of Fission Products of **U [6]

The energy released from this process is about 207 MeV [6] and falls
mainly on the kinetic energy of the fission fragments (168 MeV). Because of
the mass and scale of this fragments interaction which other materials occurs

11
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Chapter 1 Fundamentals of Reactor Physics

almost instantly and the energy is converted as heat energy directly at the
point of the fission event. A significant amount of energy (7 MeV) is directly
released as gamma energy which is produced by the event itself. Another 5
MeV are released as prompt neutrons, which interact with the surrounding
materials and also produce 7 MeV of gamma energy from neutron capture.
The other 20 MeV of energy are released as kinetic energy of beta and gamma
decay of the fission fragments. A detailed list of the energy released from
fissioning ***U is given in Table 1.1.

H Form ‘ Energy [MeV] ‘ Range H
kinetic energy of fission fragments 168 <lmm
prompt gamma decay 7 10-100cm
prompt neutrons ) 10-100cm
captured gammas 7 10-100cm
Decay of fission fragments 20 mm to 0o (neutrinos)

Table 1.1 — Energy released by fissioning of **°U

With every fission of **°U, by a thermal neutron (neutron energy lower
than 200 meV) prompt neutrons are created, which are necessary to keep
the fission rate in a nuclear reactor going - more on this topic in the chapter
about reactor kinetics.

1.4 The Microscopic and Macroscopic Cross
Section

The cross section defines the area, in which two particles must meet, so that
a given interaction takes place. It depends on various physical properties
of the meeting particles, as the relative motion and energy, as well as the
interaction process itself (scattering, absorption etc.). Neutrons in our model
can undergo various interaction, with the most common of them scattering
(elastic and inelastic) and absorption (fission included).

For the definition of the neutron cross section we must first define some
other quantities.

12
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Chapter 1 Fundamentals of Reactor Physics

j=n> 1 (1.7)

The neutron current j, where n is the spatial neutron density and v; the
velocity of one neutron describes the transport of neutrons in a given volume.

It can be seen, that the neutron current in a given volume would equal
zero when there is no netto transport. Therefore, if the same number of
neutrons leaves the volume, as new ones arrive. So for the quantification
of the intensity of a neutron current the neutron flux is introduced. The
neutron flux can be seen as the intensity of a current in a volume and is
identified as:

® =nv (1.8)

Where v is the mean of the velocity vectors in the considered volume.
Unlike the neutron current the flux is a scalar and cannot be negative. Both
neutron current and neutron flux have the unit neutrons per cm? and second.
For the case, that the velocity vector of all neutrons in a given area would
be the same, the neutron current and neutron flux would also be the same.

To come back to the definition of the cross section, we look at a neutron
current, which passes through a target as seen in Figure 1.5.

According to the Beer—Lambert law the neutron current after the target
transition is reduced to:

j(z) = jo-eoN® (1.9)

N in equation (1.9) identifies the particle density of the transitioned ma-
terial and is written as N = % - with N, as the Avogadro constant, p
as the material density and M as the molar mass of the material. The pro-
portionality factor o in equation (1.9) can bee seen as the probability of an
interaction of a single nucleus with a passing neutron and is the definition of
the microscopic cross section. As there are a multitude of interactions a neu-
tron can undergo with an nucleus, every interaction has its own probability
which is shown in equation (1.10):
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P W
y»" S,

Figure 1.5 — Weakening of a Neutron Beam as it passes through a Target [5]

Ototal = O scattering + O absorption
Uscattering = O¢lastic + Oinelastic (110)

O absorption = T (n,y) + O fission

The unit of the cross section is an area and is determined as barn with:

1 barn = 10" *em? (1.11)

For the better use of the microscopic cross section, which only accounts
the interaction of one single nucleus, the macroscopic cross section is intro-
duced in equation (1.12):

S =0N (1.12)

Where N also describes the material properties as in equation (1.9) and
is known as the particle density of a given isotope in a material. The macro-
scopic cross section has the unit em ™' and can be illustrated as the number
of interactions a neutron undergoes, while it passes 1 cm through a material.
So the inverse of the macroscopic cross section defines the mean free path

14
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Chapter 1 Fundamentals of Reactor Physics

of a neutron in material. Another advantage of the definition of the macro-
scopic cross section is the introduction of the reaction rate which allows us
to determine the number the specific neutron-nucleus reactions in a given
volume with the more common neutron flux:

R=Y%-9 (1.13)

Another factor to consider is the fact that the effective cross section de-
pends on the neutron energy. In Figure 1.6 the capture cross section of 23U
is shown.

EHDF Request 30335, 2019-Sep-04,19:55:03

i0-10 10-3 1
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109 =109
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i0-10 10-3 1
Incident Energy (MeU)

Figure 1.6 — Fission cross section of #*°U [7]

It can be seen, that neutrons with a lower energy are more likely to induce
a fission process, than high energy neutrons. At low energies, the cross section
decreases by % while at energy ranges from 1 eV to 10000 eV heavy resonance
effects take into account. Of course the cross sections are dependent from
the element itself, so some isotopes like ?**U have a higher probability to
undergo fission process, than for example **U as seen in Figure 1.7.

15
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Figure 1.7 — Fission cross section of ***U [7]

1.5 Neutron Generation

As one can see in Table 1.1, among the energy distribution released by fis-
sioning **U there are also 5 MeV of energy released in the form of neutrons.
These neutrons are called prompt neutrons, as they are generated immedi-
ately after the fission process takes place. The number of neutrons generated
per fission process depends on the energy of the fission inducing neutron,
as well as on the nuclide which undergoes the fission process. In Figure 1.8
one can see the number of neutrons generated per fission process of 2**U and
239Pu depending on the energy of the fission inducing neutron.

16
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V9= 2874 + 0138 E

v35= 2,432 + 0.066 E (0 < E < 1)
= 2.349 + 0.15E (E > 1)

v¥=2.482+0.075 E(0<E<1)
=2.412+0.136 £ (E> 1)

0 5 10 15
E (MeV)

Figure 1.8 — Average Number of Neutrons emitted by Fission [6]

In Figure 1.6, one can see, that the capture cross section of 2*°U is the
highest for low energy neutrons, called thermal neutrons, with an energy
smaller than 200 meV. For an induced fission of a ***U-nucleus with a thermal
neutron an estimate of 2.43 [5] prompt neutrons are generated. As we will
see later, there is also a small probability that a neutron is generated through
the decay of the fission fragments. Even if the probability of such an event
is very low, these delayed neutrons have an important effect on the reactor,
as we will see in the chapter about reactor kinetics. For the following part
we will take a closer look at the prompt neutrons generated by a fission
process. The energy distribution of the prompt neutron energy, after an
induced fission with thermal neutron, resembles a Maxwell distribution and
can hence be written as:

X(E) = —2__\/EeV BT (1.14)
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Figure 1.9 — Energy Distribution of Prompt Neutrons by a Thermal Fission
Process [6]

According to equation (1.14) neutrons can be divided into various sub-
groups according to their energy, which allows the separation of the fission
neutrons in these main groups:

e cold neutrons: very low energy - usually smaller than 2 meV

e thermal neutrons - neutrons with an energy lower than 200 meV. In
this energy range neutrons have an very high probability of inducing
a fission process in ?*U and are the main fission inducing source in a
nuclear reactor which keeps the chain reaction going.

e epithermal neutrons - energy range from 0.025 MeV to 1 MeV

e fast neutrons - energy greater than 1MeV

In Figure 1.9 the energy distribution of the prompt neutrons is shown.
As discussed before, the highest probability of starting fission in #*°U is by
bringing a thermal (< 200meV’) neutron to the nucleus. So the energy of the
prompt neutrons must be reduced in order to keep the population of thermal

18
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Chapter 1 Fundamentals of Reactor Physics

neutrons in the reactor core high and to maintain the chain reaction. This
process is called neutron moderation.

1.6 Neutron Moderation

To reduce the energy of the of the prompt neutrons emitted by a fission
process, and to use the main advantage of the large fission cross section of
thermal neutrons, the neutrons must loose some of their energy. The process
enabling this neutron energy loss is called moderation. As seen before, the
cross sections of the different neutron-nucleus interactions aren’t only depen-
dent on the energy of the neutron, as well as on the interaction partner. The
main task of neutron moderation is to force the neutrons to interact with
different isotopes in the way of scattering so that the neutrons are slowed
down to the thermal energy section. So we need some type of element with a
high elastic scattering cross section, as well as a low absorption cross section,
so that the neutron density is not decreased. There are different elements
which fulfil this properties. In most reactors the element used for moderation
is water. When a neutron interacts with a nucleus through elastic scattering,
some energy of the neutron is transmitted to the interacting nucleus, thus
the whole energy of the neutron is reduced in a way, that brings the neu-
tron energy to the thermal region. A good moderator is characterized by the
ability to have a large elastic scattering cross section and a low probability
for absorption without that any higher energy states of the nuclei are excited.

According to the conservation of energy and momentum before and after
the scattering process of a neutron and a nucleus and with the condition that
the velocity of the nucleus is negligible relative to the high velocity of the
neutron, the ratio of the energy before and after the scattering process can
be written as:

A% +1 N 2A
(1+A2) " (1+ A?)

E =F-( - cos(0)) (1.15)

Where E’ defines the energy after the process and A stands for the mass
number of the interacting nucleus. As one can see, the energy loss through
elastic scattering of a neutron with a given element, depends only on the
deflection angle 6 of the process.
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Chapter 1 Fundamentals of Reactor Physics

So, after taking a closer look to equation (1.15), a scattering event with
the highest energy loss in neutron energy would be a frontal collision with
6 = 180, whereas the lowest possible scattering interaction would be a ” graze
shot” with the angle of # = 0. This is shown in Figure 1.10. After introducing
a = (2‘—;})2 and applying it to equation (1.15), we can determine, that the
energy E’ after the collision of the neutron with a given isotope must lie

somewhere between:

aoF <E < FE (1.16)

' V'K

n " frontal
E 4_CDO_> E=aE collision

Vin
E E=E "graze shot"
E!Z a -E deflection of the
<E neutron

E

vk

Figure 1.10 — Different Forms of Neutron-Core Scattering Processes [5]

So at next we must convert the gained experience of the single scattering
event to a statistical behaviour for all neutrons. The probability w of a
neutron to undergo an elastic scattering process with a nucleus and then be
slowed down from E to E’ and scattered into a cone 2wsin(0)df is written
as:

osw(E — E"dE' = —0¢(F, 0)2msin(0)do (1.17)

Where oy is the is the elastic scattering cross section and oy(E, 6) defines
the cross section of scattering through a deflection angle of 6.
For the simplification of an isotropic scattering event, hence all deflection
angles have the same probability, the energy distribution after a scattering
event is:
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Chapter 1 Fundamentals of Reactor Physics

4B WE < FE <E
w(E = E)dE = { T-B 4757 (1.18)
0 otherwise .

The average energy E of the scattered neutrons are then:

E
E:/Zﬂw@%EME:Eﬂ;a (1.19)
aF

So for the case of isotropic scattering, and the same properties of the
nucleus, the energy loss per scattering event is only dependent on the energy
before the interaction. For a better understanding of the proportions of the
energy loss per neutron scattering event, the logarithmic energy loss per
scattering event is introduced:

¢ = /lng w(E — E')dE' (1.20)

With the definition of o = (i—ﬁf equation (1.20) can be calculated to
equation (1.21).

(A—1)2 A+l
a7

a
=14+_—"1 =1- 1.21
E=1+ " In(a) (1.21)

From equation (1.21) we can see, that the logarithmic energy loss is the
highest for low mass numbers of the nucleus. The number of scattering events
n a neutron must undergo, to be slowed down to a certain energy range can
then be calculated by:

/
n= In(E/E) (1.22)
§

In Table 1.2 the the logarithmic energy loss, as well as the number of
collisions needed, to bring a neutron from an energy of 2 MeV to an energy
of 0.25 eV, are shown.

As predicted in equations (1.15) and (1.21), isotopes with the lowest mass
numbers are most effective for slowing down neutrons through scattering
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Chapter 1 Fundamentals of Reactor Physics

Isotop o & n

H1 0 1 18
D-2 0.1111 0.725 25
He-4 0.36 0.425 43
Be-9 0.64 0.209 88
C-12 0.7160 0.158 115
0O-16 0.7785 0.120 152
Na-23 0.8403 0.084 216
U-238 0.9833 0.008 2167

Table 1.2 — Number of Collisions o and ¢ of different Isotopes [5]

processes. In reality, the quality of a moderator material doesn’t only depend
on the ability of slowing down neutrons through scattering, the incapability
of neutron absorption is also a factor witch has an influence at the moderator
quality. The moderation ratio £X/%, is a parameter which takes this factor
into account.

Moderator o £Xg §Xg/XA
g;’cm3 cm™!

H,O 1.00 1.50 68

D,0O 1.10 0.18 4095

Be 1.85 0.15 160

& 1.67 0.06 211

Table 1.3 — Number of colissions, a and £ of different isotopes [5]

So in Table 1.3 the moderation ratio of different moderator materials is
shown. It can be seen, that not only the number of scattering effect (witch
depend on the mass number of the involved nuclei), but the moderation
ratio is a far better indicator for moderator quality. Hs O is the lightest
molecule in the above table, but still has a high absorption cross section
for thermal neutrons, making Dy O, Beryllium and Graphite the superior
moderator material. The fact that water is used in most nuclear reactors
today as moderator material can be traced back to the still high enough
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Chapter 1 Fundamentals of Reactor Physics

moderation capability, the lower costs comparable to D, O and the possibility
to use the Hy O at the same time for cooling processes.

1.7 The Chain Reaction

In the above sections, the cornerstone of the main function of nuclear reactors
has been laid. After a fission process approximately 207 MeV of energy is
released - a part of it as neutrons (2.43 per thermal fission process), which
then interact with the surrounding materials. The high energy neutrons
have a low possibility to start a fission process with *U in the area and are
therefore slowed down to the thermal energy range with a higher possibility
to fission a 2**U nucleus. In Figure 1.11, this reaction is shown:

nucleus @ /

23ﬁu \51@
@ %IE 200 MeV of enargy b
Incident

Radiative :
carrer
neutran @ \'\‘cﬂpﬁ'&

Leakage from
system

Figure 1.11 — The Chain Reaction Process [5]

1 2.3 Fiss . // /
Fission-fragment by IE ﬂ%

acting as

k-
g s
s

So the main goal is to keep the population of neutrons high enough to
have an ongoing fission chain reaction. For this purpose the fission multipli-
cation factor k is introduced It is a multiplication product of different terms,
which will create a context between one neutron history, and the following
history of neutrons after they induce another fission process. We will take a
closer look at each of the 4 parameters of the formula, but for now we have
to set the meaning of the multiplication factor itself.

The multiplication factor sets a relation between the neutrons generated in
a given volume by fission to the number of neutrons in the history before
this fission process takes place. For maintenance of a nuclear chain reaction
in a given volume it is necessary that the same number of neutrons that
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is absorbed in a volume are generated again in the next history, by fission
processes taking place in the given volume.

The multiplication factor can take up the following numbers, which can
say us something about the ongoing fission in a nuclear reactor.

e k£ =1 — the number of absorbed neutrons in one generation by the
surrounding elements equals the number of the emerging neutrons pro-
cessed by a fission processes in the fuel elements. So the above shown
chain reaction is kept up. This configuration is the main purpose to
keep fission alive in a nuclear reactor. It is called the criticality of a
fission volume.

e k <1 — There are fewer neutrons left for fission in a neutron lifetime
cycle to keep the fission processes in the same order. The reactor shall
loose power because of fewer neutrons in the volume and therefore fewer
fission processes in the fuel elements. The system is called subcritical.

e k£ > 1 — more neutrons are produced from one neutron history than
the one before so that the fission process in the fuel elemets is kept high
to maintain the fission chain reaction. As we will see in the chapter
of reactor kinetics this is often due to the delayed neutrons produced
by decay of fission fragments which keep a reactor going. This system
would be called supercritical.

As seen in the above summarization of the different values of the multi-
plication factor, we shall now take a closer look in the next section on the
exact terms in the multiplication factor k. For this k& can be written as:

k =nfepP, (1.23)

The factors of this formula characterize different neutron behaviours in a
volume. The factor P, describes the leakage of neutrons from a given volume.
For an infinitely extended structure of the fission volume this factor has to
be neglected. The different terms describing the neutron behaviour are:
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e f — thermal utilization: After the prompt neutrons from a fission
process are generated and slowed down by scattering processes in the
moderator material, the probability of absorption in the reactor fuel is
described by f. Still there is the possibility of loss of thermal neutrons
in other materials, as in the used Hy O moderator material or in the
stainless steel cladding of the fuel rods. The possibility of such an event
would be described with (1 — f)

e n — neutron yield: Describes the number of neutrons generated by
a fission process through thermal fission. As we recapture the above
section, an average of 2.43 neutrons are generated by fissioning *°U
by inducing energy through a thermal neutron. The released prompt
neutrons are then slowed down by scattering processes in the moderator
material.

e ¢ — fast fission factor: The fission process releases a number of high en-
ergy neutrons, which are very unlikely to interact with the surrounding
fuel because of the energy dependency of the fission cross section. Still
there is a small chance that some of this high energy neutrons induce a
fission process witch leads to new neutrons in the fission volume - this
process often takes place in **U in the fuel elements. This term of the
multiplication factor considers such an event in the fuel elements.

e p — resonance escape probability: There is also the probability of par-
asitic absorption of thermal neutrons or neutrons witch undergo the
moderation process. Often these absorptions occur as (n,7y) - inter-
actions in the resonance area of the absorption cross section of #%U.
A (n,7v) - interaction is a neutron-nuclei interaction, where a thermal
neutron is absorbed by the nucleus without the release of particles or
mass from the excited nucleus. The gained binding energy from this
process is then released as gamma energy from the nucleus. Like the
thermal utilization this effect can also be described with a probability.

All of this terms of the multiplication factor are dependent from different
structural and material factors of the given fission volume, like the fuel prop-
erties itself (isotope, enrichment, etc.) the moderator material and of course
of the geometry of the volume included with the factor F.

As seen above, the multiplication factor gives an insight in the kinetic be-
haviour of a reactor dependent on the neutron population, and will be used
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Chapter 1 Fundamentals of Reactor Physics

in later MCNP calculation to simulate the exact fission process. The multi-
plication factor itself, doesn’t give us any information about other important
factors of the reactors behaviour such as the time dependency of the energy
alteration or the reactivity of the geometry. This important factors will be
discussed in the next chapter about reactor kinetics.

1.8 Reactor Kinetics and Delayed Neutrons

For maintaining the chain reaction there must be a stable population of
neutrons inside the reactor geometry. As seen in the above section, the
linkage of the population rates of two neutron generations following each
other is given by the multiplication factor k. So the number of neutrons of a
certain generation ¢ can be written as:

From this formula we can determine the population for the m-th genera-
tion as follows:

Ny, = Nok™ (1.25)

The average lifetime of a neutron generation is called [ and it allows as to
link the neutron population (or density) n with the passing time to describe
the time dependency of the neutron population. So after the m-th neutron
generation is reached, the time ¢ = ml has passed. When the term m = %
is applied to equation (1.25) and with the definition of the reactivity seen
in equation (1.27), the time-dependency of the neutron population can be

written as:

n(t) = no - exp(%s) (1.26)
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Chapter 1 Fundamentals of Reactor Physics

With p:

k—1
p=—7 (1.27)
p is called the reactivity and describes the surplus of neutrons per gener-
ation. As we can recapture the above sections a multiplication factor larger
than one describes an increase of neutrons in the reactor volume and therefore
an energy increase through fission. So a positive value of p would describe
an increase of these factors, whereas the negative value of p describes the

opposite.

The reactivity p isn’t only a parameter which gives us an overview of the
change of the neutron density after a certain action takes place, it is often
also used to characterize various quantities in reactor facilities. For example
the control rods, which are made of materials with a high absorption cross
section, and are used to control the neutron flow and population - going
further also the energy production of the reactor - are characterized by the
negative reactivity they can contribute to the system. The big advantage of
this approach is that the reactivity is additive compared to the multiplication
factor.

If we take a closer look at the values of the different parameters in euation
(1.26), one can see that the time dependency of the neutron density depends
on the reactivity and the average lifetime of a neutron generation. The
reactivity itself only depends on the multiplication factor k, thus giving us
only a linkage of the neutron density with different material parameters of
the reactor volume. The average lifetime of prompt neutrons generated from
a fission process till it is absorbed or leaked out of the reactor volume is in
an order of magnitude of [ = 10~%s. [5]

Let us say the multiplication factor is slightly above one - hence slightly
critical, like it is common in an operating nuclear reactors. With a lifetime
of only [ = 10~%s the neutron density would grow enormously in a very short
time. Under such circumstances a reactor wouldn’t be controllable. So as
mentioned before not every neutron from a fission process is emitted instantly
at the process itself (prompt neutrons) - a small part of neutrons is also
emitted after some time through decay of the fission fragments. According
to Figure 1.4 (distribution of fission products of ?*U) some fission fragments
are able to release neutrons through various decay processes. One of this
processes is shown in Figure 2.2 for ®"Br:
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¥Br
T,,=55,69s

B (2,51%)

8Kr ®Kr +n

B (97,49%

*’Sr (stabil)

Figure 1.12 — Decay Process of 3"Br - showing a 2.51 per cent probability of
emitting a delayed neutron [5]

Because the fission fragments are distributed around certain mass num-
bers so that the decay process and the delayed neutron release process are
different for every element, the delayed neutrons are usually divided into 6
different groups according to their delay time and their yield in comparison
to all neutrons generated. These 6 groups are shown in Table 1.4.

H Group ‘ Half-life period [s] ‘ Decay constant [s71] ‘ yield H

1 55.72 0.0124 0.000215
2 22.72 0.0305 0.001424
3 6.22 0.111 0.001274
4 2.3 0.301 0.002568
) 0.610 1.14 0.000748
6 0.23 3.01 0.000273

Table 1.4 — Groups of Delayed Neutrons for Thermal Fission of **°U [§]
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Chapter 1 Fundamentals of Reactor Physics

In Table 1.4 one can see that the total yield of the delayed neutrons
only make up 0.65 per cent of the neutrons generated by thermal fission. So
the majority of neutrons in a nuclear reactor are prompt neutrons - neutrons
directly emitted by the fission process itself. The average lifetime of neutrons
can then be separated in two terms, one for the prompt and one for the
delayed neutrons:

6
L= Biti+ lyrompt - (1= ) (1.28)

=1

The term for the delayed neutrons extends the average lifetime in a way,
that the neutron multiplication and energy in a reactor can be controlled.
When we look back at the multiplication factor, we can say that the the
prompt neutrons only achieve a subcritical system, whereas the delayed neu-
trons are capable of putting the system to a supercritical state with the
advantage of still controlling the reactor with different mechanisms in a rea-
sonable time interval.
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Chapter 2

The TRIGA Mark II Reactor
at the Atominstitut Vienna

The requirement of building a reactor purely for the purpose of research
and training with the focus on an easy to use system with inherent safety,
General Atomics started with the development of this type of reactor in
1955 which led to the first TRIGA reactor reaching criticality in 1958 [9].
Through the development phase 3 different designs of the TRIGA reactor
have been developed - characterizing the TRIGA Mark II as an above-the-
ground swimming-pool-type reactor with a fixed core shown in Figure 2.1.
The desire for a reactor with exceptional safety features led to the develop-
ment of an own fuel element design, which will be discussed in the below
sections. The TRIGA Mark II reactor in Vienna was build from 1958-1962
and went in operation in 1962. Since then the reactor is in operation an
average of 220 days per year.

The following sections will be contributed to give an overview of the main
features of the TRIGA Mark II reactor and it’s experimental facilities.

2.1 Core Layout and Fuel Elements

At the moment there are 76 fuel elements installed in the core. In Figure
2.2, the current core layout with the date of May 2018 can be seen. Also
the position of the neutron source, the graphite elements and the control rod
positions can be seen. The Sb-Be source element is continuously emitting
neutrons which are able to start the chain reaction when the control rods are
pulled out from the core to a certain level.
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Chapter 2 The TRIGA Mark II Reactor at the Atominstitut Vienna

Reactor Platform

Alurminium Tank

Iradiation Room

Concrete Shield (moveable on rails)

Collimator

Neutron Radiographie
Station-1 at the elevator

Neutron Radiographie
Station-2

Thermal Column

Figure 2.1 — Vertical cross section of the Vienna TRIGA Mark II showing
the swimming-pool-type concept

As mentioned before the TRIGA Mark II reactor owes it superior safety
features to the type of fuel elements used in the core. In chapter 3, the mod-
eration effects on neutrons and the maintenance of the chain reaction were
discussed. In most nuclear power plants, water (both heavy and light wa-
ter) is used for the moderation of fast neutrons. The slowed down neutrons
then enter the fuel elements and with a certain probability induce a fission
process in one of the uranium nuclei. When the neutron density increases,
bringing the reactor to a supercritical state (k > 1), more energy and there-
fore more heat is produced by the fission process. This leads to the effect
that the water as moderator material vaporizes and the water itself with it’s
moderation abilities gets lost. The neutron density, and power output of the
reactor then decreases. This characteristic of reactors is called the negative
temperature coefficient. Still there would be some events, where a reactor
with a negative temperature coefficient would take damage. One of these
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Chapter 2

The TRIGA Mark II Reactor at the Atominstitut Vienna

Core Layout
Date: 28.5.2018
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Figure 2.2 — Current Core Layout of the TRIGA Mark II reactor Vienna

events would be an instant removal of all control rods. This prompt removal
would cause severe damage to the fuel elements, because of the delay of the
just described effect [10]. The goal in the development process of the TRIGA
reactors was to build a concept reactor which is also capable to withstand
such an event unscathed. Therefore the special characteristic of the TRIGA
fuel, lies in bringing the moderator material directly into the fuel elements
and to achieve not only a negative temperature coefficient but a prompt neg-
ative temperature coefficient.
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Chapter 2 The TRIGA Mark II Reactor at the Atominstitut Vienna

One of these standard fuel elements can bee seen in Figure 2.3. The fuel
material consists of a mixture of 8 wt%, 91 wt% zirconium and 1 wt% hy-
drogen. The uranium is enriched to 19.8% and the total core loading of #*°U
is about 3 kg [11]

Figure 2.3 — Standard TRIGA fuel element [10]

The moderation process directly takes place at the Zirconium Hydride
inside the fuel elements. The properties of this moderation process in a
solid differ from the moderation in water. In Figure 2.4 one unit cell of the
Zirconium Hydride is shown.

Measurements performed by General Atomics showed [12], that the Hy-
drogen bound in the unit cells of the alloy is very ineffective in slowing down
neutrons under a limit of 0.14 eV (the slowing down of neutrons under this
level is mostly done by the cooling water) whereas above the limit, the al-
loy is as good as the moderation capability of free hydrogen. There is also
an effect observed, where neutrons can gain energy by interaction processes
with the hydrogen in the lattice of the unit cell. The probability of such an
energy-increasing scattering event is heavily dependent on the temperature
of the fuel elements. Neutrons in a high temperature fuel often undergo such
scattering processes and their energy is increased to a level where no other
interaction in the fuel elements take place. The neutron is leaked out of the
core. This effect is responsible for the prompt negative temperature coef-
ficient of the TRIGA reactors thus leading to an increased security of the
system. With this fuel the TRIGA reactor allows unusual operation modes,
such as the Pulse mode. In Pulse mode the remaining control rods are pulled
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Chapter 2 The TRIGA Mark II Reactor at the Atominstitut Vienna

HYDROGEN
| RTOM

Figure 2.4 — Unit cell of Zirconium Hydride [12]

out of the core instantly to gain short-time high-power pulses. The above
described effect of the Zirconium Hydride reacts to the increasing neutron
density in the core and decreases the neutron moderation. At the TRIGA
Mark II in Vienna, which has a continuous power of 250 kW, short time
pulses (40ms) up to 250 MW are possible.

2.2 Experimental Facilities

As mentioned before, the TRIGA Mark II reactor is used for research activ-
ities and so a number of experimental facilities are installed. For a better
overview of these facilities, the Figure 2.5 shows the horizontal cross section
of the TRIGA Mark II reactor with all of the experimental structure.
These facilities will be later modelled with MCNP6. The simulations
done on this model will then take place in the radial Beam Tube B, which
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Chapter 2 The TRIGA Mark II Reactor at the Atominstitut Vienna

Double crystal diffractometer
ultra-small-angle neutron scattering

Neutron

radiography Beamline D

Beamline C

Polarised neutron experiments

Neutron interferometer

Beamline A

Beamline B

Test beam line Fast pneumatic transfer system

for new developments

Figure 2.5 — Unit cell of Zirconium Hydride [12]
can be seen in the above picture.
The available experimental facilities are:
e 5 Irradiation tubes in the reflector

1 Central irradiation tube

Thermal column

Neutron radiography facility

Pneumatic transfer system

4 horizontal neutron Beam Tubes
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Chapter 3

Introduction to MCNPG6

MCNP is a Monte Carlo transport code for neutrons, electrons and photons.
The speciality of the MCNP code package is the relative easy way to define
geometry and the many features. This allows the use of the transport code
for a variety of different applications, like the simulation of reactor compo-
nents. Basically the code uses the Monte Carlo method to describe different
neutron-,photon- or electron related processes. A closer look on the Monte
Carlo method and the, by this approach, recorded results will be given in this
chapter. Also the structure of the MCNP input file and the geometry and cell
definitions which allows us to create complex models for various tasks with
MCNP will be discussed. We create such a model to get trustworthy and
reliable results by the thereto applied MC-Simulation. There are different
parameters in such a simulation which restrict our precision of the calculated
result and give us a hint of the reliability of the gained data. These param-
eters, known as statistical checks, will also be discussed in the chapter. To
get these results, called tallies, adjustments to the model and simulation pro-
cess must be made to get results in a reasonably acceptable computational
time. These adjustments are described by the variance reduction techniques
implemented in MCNP. A quick overview on this topic will also be given,
but because of the sheer amount of different variance reduction techniques
only the one used in our model (Geometry-Splitting/Russian Roulette) will
be described more precisely.
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Chapter 3 Introduction to MCNP6

3.1 Monte Carlo Method

The basic principle of the Monte Carlo method is to obtain results for an
often deterministic problem through a numerical approach. Often physical
problems are very difficult or even impossible to solve in a analytical way,
for example because of the amount of interacting particles . In such cases
we can rely on simulation approaches like the Monte Carlo method to obtain
results. MCNP is using the Monte Carlo method by simulating particles and
following them through the defined geometry. The interaction rate of the
simulated particle with the defined materials are determined by randomly
selecting a number between 0 and 1, based on the probability of such an
event taking place. These probabilities (for example the fission cross section)
are based on physical rules and are read from a implemented database by
MCNP. So MCNP simulates a statistical process to obtain data of a complex
problem. In Figure 3.1 one of these simulated particle walks is shown.

-

3 {u..__

4
Incident
Neutron
l“‘s
(Y
‘i
‘i"
\ ¥
Void Fissionable Material

Figure 3.1 — Random walk of a neutron in an MCNP simulation [13]

The Incident neutron enters a slab of fissionable material and after ran-
domly setting the interaction probability to a value between 0 and 1, a scat-
tering process takes place at Point 1. The neutron then is scattered to Point
2 where a fission process takes place and the two generated neutrons are then
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Chapter 3 Introduction to MCNP6

absorbed in the material (Point 3) and leaked out of the volume (Point 4).
Also, in the above picture, events where photons are generated are shown
(Point 5,6,7). These photons are stored in a backup file and are used later to
simulate their behaviour. In our used model only neutrons are considered,
so the photon interaction in the above picture are considered no further.

So for an infinite amount of particles which undergo interactions in a
material with a certain probability the mean score wee seek with MCNP is
calculated with:

(z) = /0 " ap(@)da (3.1)

In the simulation, we don’t know p(x), so a large number of particles are
generated and shall be subject to the principle of random sampling. If a
particle 7 enters a detection area it contributes a score z; to the wanted tally
and is recorded. For a limited number of particles generated, the average of
the recorded values is calculated with:

According to the law of large numbers, the average of the recorded values
of the simulated particles should be close to the average behaviour of the
real particles, allowing us to solve a complex problem with the numerical
approach of the Monte Carlo method.

3.2 Tallies

As we discussed before, different properties of a simulated particles can be
tallied. MCNP enables us to do this with the introduction of various tally
cards shown in Table 3.1.

The, in the simulation of this thesis, used tally is the average cell flux
tally (F4). This tally is shown in equation (3.3).
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Chapter 3 Introduction to MCNP6

H Mneumonic Tally Type ‘ Units H

F1 Surface Current Tally particles

F2 Average Surface Flux particles/cm?
F4 Average Cell Flux particles/cm?
F5 Flux at point or ring particles/cm?
F6 Energy Deposition MeV/g

F7 Fission Energy deposition in cell MeV/g

F8 Pulse Height distribution in cell pulses

Table 3.1 — Types of Tallies available in MCNP [13]

M:i/W/MJ@/ﬂmeQﬂ (3.3)
V 1% E t 47

For a better understanding of the tallying process we will take a closer
look on the procedure of such an event. The F4 tally determines the average
flux ®(r, £,Q,t) in a given volume V and a certain energy range E. A
particle which enters the volume contributes W% to the overall score of the
F4 Tally. W is called the weight of the particle. If MCNP would simulate a
real transport process the weight of every particle would have unit weight. In
most of the simulations, MCNP uses some techniques which are not exactly
representing the physical transport of particles. One of this techniques would
be Geometry-Splitting, were one particle is split in a number of particles
with less weight to keep the particle population high. So the weight W can
be seen as a tally multiplication factor. T’ represents the track length of
the particle in the Volume V. With equation (1.8), the flux ®(r, £,,t) in
equation (3.3) can be written as n(r, £, Q,t)v. After introducing N (r, E,t) =
[ dQn(r,Q, E,t) which describes the particle density and ds = vdt the above
equation (3.3) becomes:

1
F4:—/dr/dE/dsN(r,E,t) (3.4)
14 \4 E s

dsN(r,E,t) can be seen as the track length density in a volume and
therefore, according to equation (3.4) and (3.3), the average flux in a cell can
be estimated by summing up the track lengths of all the particles entering
the volume. It must also be taken into account that MCNP normalizes the
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Chapter 3 Introduction to MCNP6

results of the simulation to tally per starting particle. To get the flux for a
certain amount of particles further steps must be taken. Using the example
of this thesis, the result must be scaled up on the basis of the reactor power.
This procedure is then carried out more precisely during data evaluation.

3.3 Reliability of Obtained Tallies and Sta-
tistical Checks

Through the simulation approach and the Monte Carlo method one has to
watch closely the accuracy and reliability of the obtained data. Several mis-
takes can be made, which can have a severe impact on the obtained data.
Although even obvious things like an error in the geometry, when construct-
ing the model must be taken into account, this section will be dedicated to
the statistical errors which give us a hint on the accuracy of our simulation.
We can divide the error of the simulation into two parts shown in Figure 3.2,
the systematic error and the precision of the calculated results.

SY STEMATI C

ERROR
S x

|
TRUTH E[x]

Figure 3.2 — Difference between systematic error and precision [13]

The precision gives us an insight of the inaccuracy of the simulation due
to statistical deviation of the Monte Carlo simulation, whereas the system-
atic error tells us how far the gathered data diverge from the real physical
behaviour. Because the systematic error is seldom known, we will lay our
focus on the statistical aspects of the deviation. For this purpose MCNP
gives us some parameters which help us to determine the precision of the
collected results. These parameters are plotted in the output file and give us
some guidelines in determining the reliability of the calculated values. The
most important of these parameters will be shown in the next sections.
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Chapter 3 Introduction to MCNP6

3.3.1 The Relative Error

As wee have seen in equation (3.2) the average of the simulated particles tends
to the true average mean when N — oco. Another important parameter in
that context is the variance which is defined by:

N =\2 3
S2 = Zi:}\;x’ : e (3.5)
with
1 X
2?2 = N Z 7 (3.6)
i=1

The standard deviation links the dispersion of the simulated z; from the
probability density function and therefore gives us a context of the calculated
mean and the probability density of the gathered tallies. The variance of the
mean can be identified as:

2=

i =N (3.7)

Equation (3.7) shows the drawback of the Monte Carlo method. The
variance of the mean S2 is proportional to %, which means that four times
as many particles must be simulated to halve the variance of the mean.

The relative error can therefore provide us with information about the pre-
cision of our simulation and is calculated with :

Sz
R=— 3.8
: (3.5)
For large numbers of N can be shown [13]:
Roc— (3.9)
X —— :
VN
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Chapter 3 Introduction to MCNP6

As we can see from equation (3.9) the relative error decreases when N
increases, telling us that more sampled particles will give us a more precise
average score. However, often only a limited number of particles can be
simulated due to the available resources. Therefore MCNP gives us some
guidelines to rate the obtained data through their relative error shown in
Figure 3.3

Range of R Quality of the Tally
05t01 Garbage

0.2t0 0.5 Factor of a few
0.1t00.2 Questionable
<0.10 Generally reliable except for point detector

< 0.05 Generally reliable for point detector

Figure 3.3 — Guidelines for interpreting the relative error [13]

3.3.2 Figure of Merit

In equation (3.9) the proportional relationship of the relative error and the
followed particles is shown. Since the computational time should also be
proportional to the particle number the product of the two should remain
constant. So the Figure of Merit (FOM) is introduced:

1

FOM =
© RT?

(3.10)

The FOM gives us a understanding of how well behaved the a statistic
is. Through a problem run the FOM should be almost constant, with small
fluctuations possible. The output file of MCNP lists the FOM and gives us
an insight of the problem behaviour.

In another access to the explanation of the value, the FOM can be seen
as a inference of the simulation effectiveness. A large FOM in a problem
with a limited time, would mean that the relative error must be small, and
therefore good results in the problem calculation are made in less time and
therefore the problem calculation is more effective.
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Chapter 3 Introduction to MCNP6

3.3.3 Variance of the Variance

The Variance of the Variance (VOV) is another indicator of the tally quality
and is defined by:

S(S3)

xT

VOV = 5

(3.11)

The VOV should be under 0.1 to suggest reliable results of the simulation.
The VOV also considers higher moments of the tally distribution and is
therefore more sensitive to large fluctuations.

3.3.4 Slope of the Probability Density Function

In a MCNP simulation the tallies are recorded and a history probability
distribution function f(x) is generated. According to the central limit the-
orem [13] a large number of particles approach a stable distribution. This
distribution is sampled by MCNP and then a Pareto fit is used over the great-
est values to estimate the slope of the distribution. This Pareto function is
defined by [14]:

1 1
= LOPE =1+ — 12

The used fitting technique for generating the slope over the largest history
numbers, calculates the values of a and k which fit best. The value of the
slope should be between 3 and 10, with 10 representing a ”perfect score”.

3.4 Variance Reduction Techniques

As mentioned before, the worth of a good Monte Carlo simulation depends
on the reliability of the obtained data and the therefore used computational
resources. Often different problems can be very difficult to solve with limited
resources. So MCNPG6 introduces a number of variance reduction techniques.
These techniques can be mainly divided into these 4 sections:

e Truncation Methods: The intention with this method is to cut out
different parts of the physical properties of the problem we are not
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Chapter 3 Introduction to MCNP6

interested in to speed up calculation time and to increase efficiency. The
simplest example for this variance reduction technique would be to cut
out parts of the geometry which are not important for the calculation.
As we will see, in the later simulation of Beam Tube B also some form of
truncation was used. The later described population control techniques
were only applied to Beam Tube B, the other Beam Tubes and research
facilities were left out of this procedure, to reduce the computational
time by not simulating many particles in areas we are not interested
in.

Population Control Methods: As seen in section 5.3 the reliability
of the obtained data can be analysed by different parameters, with the
relative error of a tally to be the most important. Through the fact of
the proportionality of the relative error and the number of simulated
particles (as seen in equation (3.9) a higher number of particles would
give us a more precise result. To reach a high enough particle density in
our simulation, Population Control methods are used. The goals of this
methods are to artificially increase the population densities in certain
areas of interest. We have talked about the Weight W of a particle to
represent the significance a particle has on a tally score. In order not to
influence the overall result by using such population control methods
the process is carried out in such a way as to divide particles of higher
weight into several particles of lower weight to keep the result unbiased.
The method used in this work is called Geometry Splitting and Russian
Roulette and will be briefly explained later.

Modified Sampling Methods: With this methods it is possible to
directly define which particles contribute to the tally score to increase
the number of wanted scores per particle. So often particles trans-
ported in a wanted direction or in desired regions are sampled from
the distribution to contribute to the tally. Even some Interventions in
the physical behaviour of the particles can be made to increase their
transport distance or their absorption properties.

Partially-Deterministic Methods: In this variance reduction tech-
nique the essence lies in altering the randomness in particle transport
events.
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Chapter 3 Introduction to MCNP6

3.4.1 Geometry Splitting and Russian Roulette

This variance reduction technique belongs to the group of Population Con-
trol methods. The reason why this method is examined in detail is that the
same method was later used in the present work. In the above section the
purpose of Population Control methods was explained - to get a high number
of particles in the region we want to gain our results. Geometry Splitting
allows us to reach this goal of a high number of particles in an interested
area by setting the importances of the cells, the particle crosses through, to
different values.

Importance

MCNP allows to construct a geometry by defining cells. These cells are in
turn defined by user-defined surfaces. Each of these cells can be assigned
an importance value, which gives the transported particle a feedback over
their significance (i.e. for scoring tallies) in this particular area. A cell with
an importance of 0 would be an absolute absorber, hence the particle would
be immediately killed when it enters this area. This importance function is
used by the Geometry Splitting variance reduction technique to artificially
increase the number of particles.

So when a particle enters a cell with a higher importance the Geometry Split-
ting procedure is induced. To keep the overall result unbiased, the weight of
the new particles generated are decreased by the factor of the particle multi-
plication. When the particle enters an area with lower importance (an area
with no interest) Russian Roulette is played and the particle is killed with a
certain probability. These features allow the user to keep the population high
in wanted areas and therefore to reduce the computational resources. The
splitting or killing process behaves according to the following rules. When a
particle is transported from cell 1 to cell 2, the importances I; of the cells
then define, whether or not a Geometry-Splitting action takes place. This
process is shown in equation (3.13).

I 1 no effect on the particle
n= I > 1 Geometry Splitting (3.13)
< 1 Russian Roulette
The number of particles generated, when Geometry Splitting is started,
depends on the factor n in equation (3.13). If n is an integer n new particles
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Chapter 3 Introduction to MCNP6

with the weight % are produced. If n is not an integer but still n > 1 the
procedure becomes more complex. Let us say n = 3.75. Then there is a 75%
chance that 3 particles are generated and a 25% chance that only 2 particles
are generated. When there is the case that n < 1 Russian Roulette is played.
For an example situation when n = 0.75 the probability is calculated with
1 —n to 25% in this case. So there is a 25% chance that the particle is killed.
This process is shown in Figure 3.4.

Cell1 | Cell2 | Cell 3
l'1=1 !2=2 1'3=4

w=0.5 | w=025

w=1 0.25
= —w=0.
—- -0 5 L w=025 o>1
——.
p— w=0.25
w=1 w=0.5

6<1
or kill

Figure 3.4 — Geometry Splitting and Russian Roulette [15]

There are large number of opportunities to enhance the quality of the
MCNP simulation. Further methods can be found in the manual for inter-
ested readers [13].
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Chapter 4

Modelling the TRIGA Mark 11
Reactor in MCNP

In this section the important modelling process of the TRIGA reactor in
MCNP will be discussed. The most recent existing model [2] of the reactor
was used and extended, so that all research facilities and the whole reactor
tank was described. In Figure 4.1 and Figure 4.2 the already existing core
model of the TRIGA Mark II is shown. The picture was generated with the
MCNP-implemented plot device. The different colours in the figure mark
different materials, which must be defined in the input file. Being the current
MCNP model of the reactor used for simulation inside the core, along the
vertical direction only a limited extension of the reactor tank was modelled.
The new model will reach from the above water level of the reactor pool to
the ground level and will also extend the experimental facilities along the
horizontal direction. The template for all the incorporated changes in the
reactor geometry were scanned-in plans from Gerneral Atomics from the year
1959 [16].
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

Beam Tube B Beam Tube C

Neutron I
Radiograpy M| 2l  Thermal Column
Facility | A

Beam Tube A

Beam Tube D

Figure 4.1 — Horizontal cross section of the existing MCNP model of the
TRIGA reactor [2]

Figure 4.2 — Vertical cross section of the existing MCNP model of the TRIGA
reactor [2]

4.1 Geometry Implementation

In Figure 4.1, it can be seen that the already existing model is extended
to the inner wall of the aluminium shell of the reactor tank, therefore some
parts of the horizontal Beam Tubes and their positioning are already mod-
elled. The different colors in Figure 4.1, represent different materials and
therefore different parts of the reactor model. An example for this assign-
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

ment of colors to materials can be seen in Figure 4.3. Also the position of the
thermal column and neutron radiography facility are already modelled. The
horizontal research facility are coated with an aluminium layer, according
to the GA plans. So the first step in extending this model was adding the
aluminium shell of the thermal column and neutron radiography facility as
well as the aluminium front plates of the horizontal Beam Tubes - as seen in
Figure 4.3 (blue represents the aluminium coating of the research facilities).
For the simulation of the Beam Tube flux the aluminium front plate is a
very important factor because after the Aluminium shell only few neutron
interactions take place in the air inside the Beam Tube. The thickness of the
aluminium front plate was determined with 6.55 mm according to the GA
plans.

Graphite

_—

Figure 4.3 — Detail of the Aluminium shielding of Beam Tube A and the
Thermal Column

4.1.1 The Reactor Tank

The next step in completing the model was to add the structure of the reactor
tank. The tank itself is made up of 4 different layers. The inner layer of the
reator tank is a 6.4 mm aluminium shell and divides the outside of the reactor
and the water of the reactor pool. The next layer consists of 29 mm quartz
gravel. The material properties of the quartz gravel itself have been added to
the model and because of a simplification of the whole model, a one hundred
per cent SiOs filling was adopted. The composition of this material used in
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

MCNP can be seen in Appendix A. The next layer is concrete with thickness
of 50 mm. The outside layer is a 6 mm stainless steel hull.

4.1.2 The Horizontal Beam Tubes

After the completion of the reactor tank the the next step was to model the
research facilities. According to Detail plans from GA, the horizontal Beam
Tubes consist of two parts. The inner part, penetrating the reactor tank (see
Figure 4.4) are aluminium tubes with an inner diameter of 154.1 mm and a
thickness of 7.05 mm. After this aluminium tube, there is a flange coupled
to an outer stainless steel tube with a diameter of 202.6 mm and a thickness
of 8.02 mm. The steel tube then ends in a rectangular box with lockable
mechanism witch is called the Shutter Box - also made out of stainless steel.
The lockable mechanism was not considered in this model. It should also
be taken into account that the flange which connects the aluminium and
stainless steel tube is only realised with regard to the steel and aluminium
flange rings of this part. Any small parts such as screws, washers or nuts were
not taken into account. Also, before the diameter shift (Steel/Aluminium),
the Shadow Shields were added. The Shadow Shields are massive walls made
out of stainless steel with an opening through which the tube passes. Each
horizontal Beam Tube has one Shadow Shield. In Figure 4.5, the detail of
the flange coupling and a part of the Shadow Shield is shown.

Figure 4.4 - MCNP model of Beam Figure 4.5 — Detail of the flange
Tube B
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

4.1.3 The Reactor Shielding

After the completion of the modelling process of the Beam Tubes, the next
step was to add the concrete shielding of the reactor. The floor plans from
GA form 1959 were the basis for this process. For the material properties
only common ordinary concrete with a density of 2.3 g/cm?® was used. Also
the MCNP code of the concrete composition can be seen in Appendix A. The
inclined planes of the shutter boxes C and D were modelled exactly accord-
ing to plan. The plans showed small notches in the concrete in the area of
the Beam Tubes A and B, which were not taken into account for the sake
of simplicity. Additionally the thermal column and the neutron radiography
facility were extended outwardly. As mentioned before, further modelling in
this facilities was not done. For the thermal column the Stringer Access was
left out of the model. The neutron radiography facility was modelled as far
that the inner parts (graphite and lead plate) and an aluminium cover were
taken into account.

After the concrete shielding is added, a model of the whole TRIGA reac-
tor was obtained. Of course, in the foundation of this massive facility, also
simplification took place. It was not possible and not necessary for the sim-
ulation to model each individual cornerstone of the foundation individually.
In the Figures 4.6 and Figure 4.7, one can see cross-sections of the generated
model, which was then used in the further course of the work.
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Chapter /

.. Beam Tube C

Beam Tube D

Beam Tube B &~

Beam Tube A
Figure 4.6 — Horizontal cross section of the MCNP model
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

JHl]

Figure 4.7 — Vertical cross section of the MCNP model

4.2 Source Specification

The Source specifications used in an MCNP model are important for the
outcome of the simulation and therefore special emphasis is placed on this
subject in the following section. MCNP provides 4 different source options:

1. General Source implemented by the SDEF-card.
2. Surface Source

3. Criticality Calculation

o

. User-applied Source
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

In the simulation process of this thesis, two approaches were chosen. At
first a Criticality Calculation (called KCODE) was done to roughly predict
the behaviour of the neutron density in the model. The KCODE approach
has the problem, that a lot of computational effort must be pursued to gain
reliable results in the tally areas located far away from the source, like in
the present case. Therefore the KCODE approach was extended with the
implementation of a Surface Source on an area near to the core. Further
tallying processes where then done by using this Surface Source and a large
part of the computer resources could be saved, thus reducing the simulation
time strongly. Because both approaches where important for sampling a
good source distribution, they will be shown in this section.

4.2.1 Ciriticality Calculation - KCODE

Criticality, thus the possibility to maintain a chain reaction, is described
with k (as seen in section 3.7). The value of k gives an insight in the re-
lation between two neutron generations, where a generation is identified by
the number of particles in a given volume. The dividing point of two follow-
ing generations is the fission process, marking it as the birth point of a new
neutron generation. As we have seen before, k = 1 indicates a ongoing chain
reaction which is the normal operating mode of a reactor (mostly slightly
above 1). The KCODE card creates a neutron source by generating neu-
tron at given fission points and keeping a watch on the generated neutrons
through their life cycle. When a neutron induces a fission process in the
volume, the exact location and the neutron fission yield are examined and
banked in a data file. When all neutrons of a given generation are followed
through the geometry by MCNP and their behaviour has been measured and
stored in a data file, a new generation of neutrons is generated. The start-
ing locations of these neutrons are determined by the before recorded fission
events and the number of generated particles depends on the neutron yield of
the fission process. By following a large number of these neutron generations,
called cycles, MCNP calculates the multiplication factor k of the reactor and
the average neutron yield.

The simulation with the KCODE source gave us the following values for

the multiplication factor k£ and the average neutron yield, matching with the
expected data and the given data in literature [6] for the neutron yield.
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

H KCODE ‘ Value H

neutron multiplication factor £ | 1.03749
average neutron yield per fission | 2.434

Table 4.1 — Obtained data for k£ and the neutron yield calculated by KCODE

The exact program flow of a KCODE calculation heavily differs from
other source generation routines. As mentioned before the structure of the
KCODE source depends on running different neutron generations, called cy-
cles. Whereas other source routines are determined by following a number
of neutrons, called histories, through the geometry, each cycle of a KCODE
calculation consists of a number of histories, which are simulated in each
cycle. The syntax of the KCODE calculation is seen below.

kcode N k I. I,

The KCODE card, which has to be inserted in the input file to induce
a criticality calculation consists of 4 different entries. The first entry N
describes the nominal number of source histories. It has to be taken into ac-
count, that this is not the number of histories per cycle. The actual number
of histories per cycle depends on the fission processes in the geometry and
the neutron yield of this processes. N can be more seen as a normalization
factor for the source weight. So if n neutrons are generated in a certain
cycle, the weight of each particle would be % k in the KCODE entry card
represents an initial guess of the expected value of the real multiplication
factor. I. represents the cycles which are skipped before the evaluation of
data takes place. This is done because the limited starting points should
result in an approximately realistic fission location distribution in the geom-
etry before the evaluation process can start. I, then stands for the number
of cycles simulated by MCNP before providing results for the specified tallies.

The properties for the KCODE card used in the simulation are shown in
Table 4.2.
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

H KCODE card entry ‘ Value H

N 200000
k 1.00
I. 50
I 1550

Table 4.2 — Used entry in KCODE card for criticality calculation

Also a KSRC card was used in addition to the KCODE card. This card
defines the starting point of the first generated neutrons and should lie some-
where near the fissile material. From these starting points, new locations for
the next generation are determined. The form of the KSRC card is shown
below. The entries x;,5; and z; represent 3-dimensional coordinates of the
initial fission sites.

ksrc x; y; z ...

It is also to mention, that the evaluation of k£ depends on a iterative
method called ”power iteration” [17]. For every generation a fission source
distribution is calculated and k is estimated. This fission source distribution
is then used to determine the next generation. Only when this fission source
distribution converges to a steady state solution, tallies will be recorded and
k is calculated. So the purpose of I. in the KCODE card is to wait till the
source distribution converges - if this is not happening till the fixed value of
cycles is reached, MCNP will run additional cycles.

4.2.2 Surface Source Generation

The criticality calculation itself would in principle deliver good results for
the simulations, nevertheless it requires a large calculation time and a high
need for computational resources. For example, one simulation done within
this thesis took about 11 days to complete. Hence for the purpose of a more
effective way to gain the specified tallies, a new approach in terms of source
specification was chosen. The surface source option allows the user to de-
fine different surfaces in an MCNP simulation (in this case while running a
KCODE simulation) to record the passing neutrons and save them in a data
file. This file can then be used in a subsequent simulation to represent a
new source. This method allows the user to use much less time-consuming
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

sources in the simulation process.

This method is enabled by the SSW and SSR cards. The SSW card

stands for Surface Source Write and can have, for example, following entries:
SswW S;(Cy)

Where S stands for the Surface number, through which particle tracks are
recorded. A negative sign in front of the surface would inverse the direction in
which the particles have to be recorded. C; would define a cell. So the above
example of an SSW card would define the recording of particles crossing .5;
and entering cell C;. Of course the SSW card can have more entries, like
other surfaces and some symmetry option. Also the type of particle which
should be recorded can be determined in the SSW card. In the case of this
thesis, the explicit definition of the particle type was not necessary. In all
the done simulations with the surface source option, the MODE N card was
activated, only allowing the transport of neutrons in the whole simulation.

In Figure 4.8, the surface source routine used in this thesis is shown. The
model of the TRIGA reactor generated in MCNP was cut in ”slices”, so only
neutrons transported in the direction of Beam Tube B are recorded with the
SSW ability.

After the SSW routine, with an active criticality source is executed, a
data file named ”wssa” is generated. This file has to be renamed to "rssa”
and can then be used in combination with the SSR card (Surface Source
Read) as new source. The entries of the SSR card are listed below.

SSR OLD S NEW S

The entries in the above card would allow the usage of the surface source
file on different MCNP models, by assigning the old surface to a new surface.
Since the Surface Source file in this thesis was used on the same model, only
a SSR card with no entries has to be added to the new model. Of course,
the existing KCODE card must be taken out of the input file because oth-
erwise an error message would appear. The above shown SSR card is only
an example related to the use in this thesis. There are more options possible
with this card which can be looked up in the MCNP manual [13]
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

CELL 880

Figure 4.8 — Surface Source recorded neutrons passing surface 35 and entering
cell 880

Also a NONU card was added to this surface specification. The NONU
card allows to assign different properties to various cells to define their fission
behaviour. A blank NONU card, would mean that fission is turned off in the
whole geometry, and that a fission process occur as an absorption instead.
This card has to be used, because there were apparently some backscatter-
ing processes, where neutrons are scattered back in the core and additional
fission processes occur. This effect lead to an overload of the banking file
(the fission neutrons where stored for later simulation) and to the termina-
tion of the simulation. Since the fission process is already considered in the
criticality simulation and therefore stored in the Surface Source, this step
can be taken. Additionally the NPS card in this case is necessary to define
the number of histories sampled from this Surface Source. For each history,
a random source point on the surface will be assigned and then the random
walk process is started. It has been shown, that for reliable results a very well
sampled source is important. So therefore the source weight for the KCODE
calculation was raised from 10000 to 500000 to create a more precise surface
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

source. Even though the time required to create such a source is extremely
high, it has been shown to be worth the effort.

As seen in Figure 4.8, in this approach the surface used for the source
generation was the outside of the aluminium shell of the graphite reflector
enclosing the core. Also only neutrons then entering the cell of the pool water
facing the direction of Beam Tube B were recorded. This is some kind of
truncation technique, because the not interesting parts of the reactor were
left out of the simulation, saving a lot of resources.

4.3 Tally Specification

The next step was to define the exact positions required for the simulation.
According to the available experimental values of the neutron flux done in [1]
3 positions along Beam Tube B where selected for the simulation process.
These 3 locations were determined from the inner front side of Beam Tube
B and can be seen in Table 4.3 and Figure 4.9.

H Point ‘ Cell number | Position H

1 1008 5 cm
2 1009 125 cm
3 1010 185 cm

Table 4.3 — Positions of measurement points in Beam Tube B [1]

For tallying purposes, cells with a diameter of 2 cm, were implemented
into the air-filled Beam Tube B and then the F4 tally was applied to this cells.
Additional tally points at about each 10 cm distance one from the other, were
inserted into the Beam Tube B. This not only allows a better characterization
of the flux in the Beam Tube, but also allows a better troubleshooting for
eventually appearing errors. In Figure 4.10 the tally points in Beam Tube
B are shown. It can also be noticed in Figure 4.10, that the Beam Tube
B and the surrounding concrete is divided into several sections. This is the
foreshadowing of the variance reduction technique, which is used to enhance
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP
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Figure 4.9 — Horizontal cross section of the TRIGA reactor with the 3 mea-
surement points [1]

the simulations efficiency. This variance reduction technique will be shown
in the next section.

The used tally for this measurement was the F4 Tally specified in sec-
tion 5.2. Also an En card was used in the input file. This card allows the
separation of the scored tallies according to their energy range. As in [1],
the measured values were divided according their energy range (thermal flux,
epithermal flux and fast flux). This step was necessary for the comparison
of the data.
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP
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Figure 4.10 — Cross section with the 3 measurement positions [1]

4.4 Variance Reduction

The first attempt of the present simulation, the simulation, was to start
a KCODE calculation and observe the behaviour of the random neutron
walks. The problem with this approach was the low neutron density in the
tally points. Though the neutron population was high enough near the core,
the population rapidly decreases outside the reactor tank wall. In the MCNP
output file, the number of neutrons in a given cell and the number of collisions
in this area are shown. In the simulation, the F4 tally was used to deter-
mine the flux, therefore collisions are not the main factor for the tally score,
because F4 is using the estimated track length in a cell for scoring. So the
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

population, shown in the MCNP output file is the main indicator for a good
scoring process. In the first attempt only 3 neutrons reached the last tally
point, far to less to get good statistical results. Even after using the surface
source ability of MCNP and following 1 billion neutron histories, the popu-
lation only increased minimally and therefore a large relative error was given.

The next approach was then to use the population control variance reduc-
tion method called Geometry Splitting and Russian Roulette. These method
was already shown in section 5.4.1. As seen in the Figures 4.10 and 4.11, the
section around the Beam Tube B was divided into different subsections. Also
the pool water was subdivided, so that the first splitting process is induced
relatively nearby the core, where the neutron density is already high enough
to ensure statistically good results (Point 1 showed already good statistically
behaviour without any variance reduction techniques applied to the model).

-4— Reflecting surface

- First section

Figure 4.11 — The geometry splitting sections in Beam Tube B
The plan was to increase the importance in each of this subsections, to

keep the neutron population high in the outer areas. Also reflecting surfaces
were added on the borders of the section, to simulate the neutron flux coming

62


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

from the sides. These reflecting surfaces where necessary because the surface
source only generates neutrons in the direction of Beam Tube B, whereas the
real reactor would emit neutrons in all directions). The Geometry Splitting
process was then adapted according to [18]. At first the adapted (subdivided)
geometry around the Beam Tube B was used with the KCODE and surface
source with no importance adaptation implemented. The importance of all
subsections in the geometry was set to the standard value 1. After the execu-
tion of the program, the output file was analysed to determine the population
in each subsection. It has to be mentioned, that the MCNP output file only
lists the total number of neutrons in a cell as population, without regard of
the cell volume. The neutron density in each cell was then determined by
dividing the population, listed in the output file, through the volume of the
individual cells. MCNP was not able to calculate the volume of the cell, so
this calculation was done manually.

In equation (3.13) the process of geometry splitting was shown. n is the
indicator of the Geometry Splitting and Russian Roulette procedure and also
gives a hint of the propagation and reduction of particles in the case that
one of those 2 processes takes place.

By examining the neutron density in neighbouring cells, n can be approxi-
mated by:

__ heutron density in cell 1 (4.1)

™ neutron density in cell 2

According to [19] the new importance can be calculated with:

neutron density in cell 2

)~! - Importance in cell 1

(4.2)

Importance in cell 2 =
P (neutron density in cell 1

With knowledge of n, the values of the importances can be calculated
from the inside to the outside of the Beam Tube B. Since good results in
the first point of Beam Tube B were already archived, the importance was
set to 1 in this section and was then elevated outwardly. After running the
simulation with the surface source and the new importance values, it was
seen that the statistical errors in the outer tally point were significantly re-
duced. Though it is to say, that the computational time was increased by
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Chapter 4 Modelling the TRIGA Mark II Reactor in MCNP

this procedure, because of the splitting process, more particles are generated
and have to be followed. This is a disadvantage that has to be accepted to
get good results.

In Appendix B, the calculation of the importances is shown. This calcu-
lation was done with Microsoft Excel. The subsections were also divided and
calculated according to their parts. So 3 different ”"Importance Maps” have
been generated. One for the Air in the Beam Tube B and the tally points,
one for the material of the Beam Tube and the last one for the surrounding
areas, like concrete, pool water and reactor tank. Although this division into
the different material parts would have been the best way to obtain a con-
stant neutron density, the execution showed that it is better to use a uniform
value for each section in order to save computational resources. So only 1
Importance Map was used on the model.
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Chapter 5

Simulation Process and Results

The next section will deal with the execution of the simulation and the sub-
sequent evaluation of the output data of that simulation. The program call
syntax of MCNP6 will be shown. After a simulation run, the statistical relia-
bility of the obtained tally scores must be assessed. Therefore the statistical
checks (chapter 3.3), processed in the MCNP output file, will be evaluated.
After this assessment, the gained data must be converted into the desired
neutron flux. Since the reactor power is a main factor in this conversion, this
process is called Power Analysis and is shown in this section. The obtained
data of the neutron flux, from this conversion, will then be discussed.

5.1 MCNP6 Program Call

The next step was to run the simulation. As mentioned before the simulation
was done in the first part with an active KCODE card. The parameters of
this KCODE card can be seen in Table 4.2. The former used source weight
(N in the KCODE card) was increased from 10000 to 500000 to get a bet-
ter sampled surface source for the following runs. This can be explained by
the fact, that when a surface source is generated through the KCODE, the
points where the neutrons penetrate the surface, are banked in the Surface
Source file, which is named rssa. These points are limited and depend on
the Source Weight N in the KCODE card. So when the rssa-file is then
used in the subsequent calculation, a number of histories are defined by the
NPS card. When this defined number exceeds the number of points recorded
in the rssa-file, MCNP starts with a weight splitting of the histories. So if
n particles are recorded in the rssa-file, and = particles are then generated
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Chapter 5 Stmulation Process and Results

form this rssa-file (defined by the NPS card), the weight of this particles is
decreased by . So in this case a form of weight splitting already takes place
at the starting locations of the neutrons.

In the first attempt of generating a Surface Source, the rssa-file was gen-
erated from a criticality calculation with a source weight of only 10000. In
the surface source run (with the generated rssa-file) the number of histories
was then increased to 200 million, 500 million and 1 billion. So a heavy form
of weight splitting took already place at the neutron generation surface. Af-
ter these neutrons then undergo the Geometry-Splitting process, their weight
was further decreased. This led to the effect, that the simulation with the
increased number of histories showed a smaller relative error (as predicted
in equation (3.9)), but a higher variance of the variance. An explanation for
this effect would be, that the weight of the neutrons entering the tally area
was so small, that MCNP had troubles to differentiate the various neutrons.
In order to avoid this effect, the source weight was increased in the KCODE
calculation to get more starting points at the surface source for the later runs.

MCNP is usually called from the console. The syntax for running a MCNP
simulation in this thesis looks like this:

mcnp6 irxz i=inputfile tasks 12

The command mcnp6 in the above shown syntax would call the program
and the section i=inputfile reads the desired input file . The parameters
in second place determine the actions to be carried out by the program. The
different operating modes of MCNP can be seen in the below Table 5.1.

Mnemonic Operation
H |

i process input file
enable particle transport
process cross sections
plot tally results
plot geometry

T IN| XK=

Table 5.1 — Operation mode syntax for MCNP [13]
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Chapter 5 Stmulation Process and Results

The entry tasks 12 enables the parallel processing ability of MCNP. This
entry allows a more effective simulation process by using more logical proces-
sors of the used computer. In this case 12 logical processors were available
to speed up the computational time and to enhance the effectiveness of the
simulation. Although it was not measured precisely, there was a significant
increase in the effectiveness of the process. Above all the surface source
method shows a clear increase in effectiveness.

It should also be added that in some cases the rssa file requires additional
input in the text shown above. If the file is not explicitly named "rssa” the
text line rssa = RSSA-Filename has to be added.

5.2 Simulation Results in terms of Statistical
Reliability

This section treats the results of the obtained data from the simulation pro-
cess. It has to be mentioned, that this section will not take the calculation of
the neutron flux into account. This topic will be treated in the next section
about the Power Analysis. In this section the different simulation approaches
will be shown and the reliability of this results will be discussed in depen-
dency of the statistical aspects of the Monte Carlo method.

As mentioned before, the Surface Source method was used. The KCODE,
from which this Surface Source had been generated, was also able to get good
results in combination with geometry splitting, but the computational time
was to high, to call this approach a reliable method. So after generating the
surface source (with the KCODE parameters seen in Table 4.2) a number of
surface source simulations were done with different history numbers. These
different runs and their allocated history numbers determined by the NPS
card and the surface source are shown in Table 5.2.

In chapter 5.3 the reliability of the Monte-Carlo method was discussed.
To give a better insight in the precision of the simulation, MCNP generates
statistical checks, which are plotted in the output file. As seen in chapter 5.3
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Chapter 5 Stmulation Process and Results

H Simulation Run | Histories H

1 200 million
2 500 million
3 1 billion
4 2 billion

Table 5.2 — History numbers used in the simulation with the surface source

there are several important statistical checks, done by MCNP, in order to give
an insight in the precision of the simulation. To recapture these statistical
checks and their allowed values, the following list summarizes these tests and
their recommended values:

The Relative Error — should be smaller than 0.05 (see Figure 3.3)

e The Variance of the Variance — should be smaller than 0.1

Figure of Merit — should be constant (small fluctuations are allowed)

Slope — should lie somewhere between 3 and 10

In the Tables 5.3-5.6, the above mentioned simulation runs (Table 5.2) and
the results of the statistical behaviour (represented by the statistical checks)
of the Monte Carlo simulation in the 3 Tally points are shown. After a exact
analysis of these statistical checks one can determine the best approach in
terms of history numbers.

H Tally Point ‘ Cell ‘ rel.Error ‘ VOV ‘ FOM ‘ Slope H

1 1008 0.01 0.00 | constant | 1.54
1009 0.04 0.01 | constant 10
3 1010 0.06 0.01 | constant 10

Table 5.3 — Statistical tests for 200 million histories
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Chapter 5 Stmulation Process and Results

H Tally Point ‘ Cell ‘ rel.Error ‘ VOV ‘ FOM ‘ Slope H

1 1008 0.00 0.00 | constant 10
2 1009 0.03 0.00 | constant 10
3 1010 0.04 0.01 | constant 10

Table 5.4 — Statistical tests for 500 million histories

H Tally Point ‘ Cell ‘ rel. Error ‘ VOV ‘ FOM ‘ Slope H

1 1008 0.00 0.00 | constant 10
1009 0.02 0.00 | constant 10
3 1010 0.03 0.00 | constant 10

Table 5.5 — Statistical tests for 1 billion histories

H Tally Point ‘ Cell ‘ rel. Error ‘ VOV ‘ FOM ‘ Slope H

1 1008 0.00 0.00 | constant 10
1009 0.03 0.01 | constant 10
3 1010 0.05 0.02 | constant | 9.81

Table 5.6 — Statistical tests for 2 billion histories

As seen in the Tables 5.3-5.6, the simulation approach with the surface
source and 1 billion particles was the most precise, according to the statis-
tical tests. The simulation with 500 million histories also showed very good
statistical behaviour and the calculated neutron flux of this two simulation
approaches showed no major deviation. Still the simulation with 1 billion
history was chosen to represent the results in the later chapter, because of
the smaller relative error gained from this approach. Even though one would
think the attempt with the 2 billion histories would be the most accurate,
this run showed a larger relative error, probably caused by the increased
value of the variance of the variance. This also can be explained by the effect
described at the beginning of this section. So a simulation run with large
histories requires a more precisely sampled surface source (when also Geom-
etry Splitting is implemented).

The tally scores (hence the simulation results) are plotted in the MCNP
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Chapter 5 Stmulation Process and Results

output file alongside these statistical tests. As mentioned before, a En card
was used to differentiate the tally scores according to the energy of the par-
ticles. This would allow us to differentiate the neutron flux into the several
energy ranges (thermal / epithermal / fast). It has to be mentioned, that
the tally scores don’t equal the total neutron flux. The tally score represents
the estimated track length density and therefore the flux, as seen in equation
(3.4) and is normalised to be per starting particle. So to obtain the total
neutron flux, some adjustments have to be made. The essence of this ad-
justments is to extend the track length of one starting particle in a tallying
area, to the sum of the track lengths of all the particles in this area. Since
the flux, and therefore the number of neutrons, depends on the power of the
reactor, the main parameter is the reactor power in Watts. Therefore the
calculation of the neutron flux is called Power Analysis.

5.3 Power Analysis

As mentioned before, the gained tally scores form the simulation process must
now be converted into the neutron flux. Thus the tally scores gathered in the
simulation process where normalized per starting particles. Since the number
of neutrons affects the power of nuclear reactor, the total number of neutrons
in a reactor can be determined by looking at the power level of the reactor.
For simplification a steady-state power level of the reactor is assumed. In
section 3.3 the energy released from a fission process is shown. From a steady-
state reactor power level, the number of fission processes necessary to reach
this power level can be calculated. With this knowledge and the number of
neutrons generated from a fission process (which is determined by MCNP
and can be seen in the output of the KCODE calculation - see Table 4.1)
the number of neutrons in the volume can be calculated and then be used
to extend the normalised tally scores to the neutron flux. This relation is
shown in the following equations.

If wy is the energy which is released per fission event, a steady state power
level P needs a related number 7550, of fission processes per unit time.

P
N fission = w_f (51)

This number of fission processes 7 f;ssion, Produces a number of 7,eutrons
neutrons according to the energy-dependent fission neutron yield v (2.434

70


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Chapter 5 Stmulation Process and Results

neutrons per fission process according to Table 4.2). Therefore the number
of neutrons in a given volume at a steady-state power level can be determined
by:

P-v
wg

Nneutrons = (52)
The reactor power is represented in Watts, so a good indicator for the
linkage of the fission process and the reactor power can be seen in equation

(5.3).

( 1 MeV ) ( 1 fission
1.602 - 10~ 13Ws 180 MeV

It must be considered that 180 Mev of energy per fission was assumed
here, in contrast to 207 MeV in 1.1. These deviations can be explained
by inconsistencies in various literature sources. To produce 1 Watt of energy
there are 3.467- 10 fission processes per second necessary in a given volume.
So with equation (5.3) the scaling factor for the F4 tally can be written:

) = 3.467 - 10"fissions per Watt-sec  (5.3)

Pl [2een)

fission
_ 5.4
1.6022 - 10~13[ 377wy [ 750 ] o4

This scaling factor can be implemented with an Sn card in the MCNP
input file. In the case of this thesis, the Sn card was not implemented. The
data evaluation (hence the calculation of the neutron flux) was done after
the simulation process. Another factor must be considered in the calculation
of the neutron flux, that is the criticality of the system. £ is listed in the
MCNP output file, and for a supercritical system the factor % must be added
to the scaling factor, seen in equation (5.4). For a subcritical system the
factor 1% must be added to the scaling factor. With this consideration the

2
neutron flux can be calculated with:

t PWRi 1
(I)[neu ron] _ (W] [fJ ] S P (5.5)
cm?s 1.6022 - 10~ B3 lwl o] cm?

® 4 represents the tally score of the F4 tally and is listed in the MCNP
output file. The calculation of the neutron flux was done after the simulation
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process. In the below Table 5.7, one of these calculation tables is shown. For
representing purposes the calculation of the neutron flux at the first point in
Beam Tube B (Cell 1008) is listed below:

TALLY 1008 — first point in Beam Tube — 5cm from front plate

ENERGY BINS [F4 TALLY SCORE| ERROR | FLUX

5E-08] 1,30193E-05{ 0,0039] 2,38E+11
1E-07 7.88622E-06) 0,0051] 1,44E+11
1,5E-07] 2,17414E-06)  0,0101|3,98E+10
6,9E-07 1,2288E-06) 0,0161[2,25E+10
5E-06 8,11129E-07|  0,0219|1,49E+10
1,35E-05 3,90479E-07| 0,0318|7,15E+09
3,8E-05) 3,70331E-07|  0,0328|6,78E+09

0,0001 3,40757E-07] _ 0,0342[6,24E+09
0,00028 3,43467E-07|  0,0341|6,29E+09
0,00045 1,60312E-07|  0,0499|2,94E+09
0,00076 1,59337E-07| _ 0,0488[2,92E+09

0,0012] 1,57583E-07]  0,0493|2,89E+09

0,002 1,6267E-07 0,05/ 2,98E+09

0,0034] 1,80923E-07| 0,0472|3,31E+09

0,0055) 1,2834E-07| _0,0543(2,35E+09

0,0092] 1,59047E-07| _ 0,0502]2,91E+09

0,015 1,47903E-07| 0,0519|2,71E+09
0,0255| 1,80854E-07| 0,0465|3,31E+09
0,04 1,3752E-07] 0,054/ 2,52E+09
0,066, 1,76142E-07| _ 0,0474]3,23E+09
0,11 1,94235E-07]  0,0453|3,56E+09
0,18 1,95243E-07| _ 0,0443|3,5BE+09
0,32 3.0155E-07|  0,036|5,52E+09

0,5 2,54752E-07|  0,0395|4,67E+09
0,84 4,44954E-07)  0,0306(8,15E+09

1,4 4,5485E-07]  0,0301)8,33E+09
2,2 4,60771E-07)  0,0302|8,44E+09|
3.7 3,82037E-07) 0,0336] 7E+09
6,1 2,08729E-07) 00,0458 3,82E+09|
18 5,23592E-08] 0,0919]9,59E+08

TOTAL FLUX: 5,73E+11

Table 5.7 — Representation of the flux calculation in point 1 in Beam Tube

B

The steady-state reactor power used in this calculation was the maximum
continuous power level of the TRIGA Mark II reactor in Vienna - 250 kW.
Entries for the fission neutron yield and the multiplication factor & where
determined beforehand by the KCODE simulation and should therefore also
represent the TRIGA reactor.
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Chapter 5 Stmulation Process and Results

5.4 Results

After the simulation process and the flux calculation took place, the results
are then compared with the already existing measurement values in [1] and [2]
. Basically two aspects of the TRIGA reactor were examined. These two
aspects are:

e The configuration of the graphite reflector in correspondence to Beam
Tube B.

e The behaviour of the neutron flux and the neutron energy spectrum
along Beam Tube B.

5.4.1 Validation of the Graphite Reflector Configura-
tion in Front of Beam Tube B

At first the configuration of the graphite reflector around the core should be
evaluated. Common TRIGA reactors have two identical Beam Tubes (Beam
Tube B/C at the TRIGA reactor Vienna). These two Beam Tubes are closed
aluminium tubes starting outside the graphite reflector ring. Beam Tube A
is penetrating the graphite ring and is facing the core directly, whereas the
Beam Tube D points tangential to the core and starts outside the graphite
ring. The two radial Beam Tubes starting outside the graphite ring (Beam
Tube B/C) differ in the way of directly facing the core. So in most TRIGA
reactors the graphite reflector is empty in front of one of these two Beam
Tubes, whereas the other tube faces a full graphite reflector. According to
the measurements in [1] and the MCNP simulations in [2] (see Table 5.8), the
Beam Tube B faces directly the core, hence the graphite reflector is empty
in front of the Beam Tube B. Since this thesis is based on the model used
in [2], the first step is to confirm the MCNP simulations done in [2] and to
confirm that the graphite reflector is empty at this position.

For this purpose the total and thermal flux were calculated in position 1
and then compared with the measured values according to [1] and the MCNP
simulation according to [2]. Even though the basis of the MCNP model in [2]
was used to build the MCNP model, a confirmation of this data brings great
advantages for further works. The comparison of the different data, gained
in [1] and [2] is shown in the below Table 5.8.

From the values in Table 5.8, it can be concluded that the graphite re-
flector in front of the Beam Tube B is empty, because the simulation results
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Chapter 5

Stmulation Process and Results

Position 1

Total Flux
(cm-2 *s-1)

Thermal flux
(<0.69eV)
(cm-2 *s-1)

Experimental
(see Table 2.13)

(5.74+0.50)+10"

(3.28+0.30)+10"

MCNP empty graphite

4.30.10"

2.96+10"

1.67-10"

MCNP full graphite 2.05+10"

Table 5.8 — Total Flux and Thermal Flux comparison of experimental values
[1] and the existing MCNP simulation [2]

of the flux, with an empty graphite reflector configuration, are considerably
closer to the measured value. To confirm this presumption the total and
thermal flux in the first measurement point according to [1], are also simu-
lated with the new extended model in this thesis and are shown in the below
Table 5.9.

Position 1 Total Flux (cm-2*s-1) | Thermal Flux (< 0.69¢V) (cm-2%s-1)

H empty graphite ‘ 5.73 - 101 ‘ 4.45 - 101

Table 5.9 — MCNP simulation of Total and Thermal Flux in Position 1

From the simulation result in Table 5.9, one can see that the total flux in
position 1 matches the result from the measurement even better than in the
previous model. The thermal flux has a deviation from the measurement but
still lies in a reasonable range around the measured value of the thermal flux.
The deviation of the MCNP model in Table 5.8 and the simulation value in
Table 5.9, using the model generated within this thesis, can be explained by
the extension and refining of the previous model seen in Figure 4.1. With
high probability, the assumption can be made, that the graphite reflector in
front of Beam Tube B is empty and that the tube directly faces the core.
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Chapter 5 Stmulation Process and Results

5.4.2 Neutron Flux along Beam Tube B

The neutron flux and the neutron energy spectrum inside the Beam Tube
B was simulated. The measurement used for comparison of this simulation,
was done on 3 different points, along the Beam Tube, according to Table 4.3.
As already mentioned before, for the simulation approach, the F4 tally was
used and the scores were separated according to their energy. This allows the
separation of the flux in its different components and also gives an insight in
the neutron energy spectrum of the flux on this position. The results of the
total flux values from the simulation and the measurement values [1] in only
these 3 points are listed in Table 5.10.

TOTAL FLUX (cm-2%s-1)
Position 1 | Position 2 | Position 3
Measurement 5.74-10" | 3.13-10° | 6.04-10%
MCNP simulation | 5.73- 10" | 3.19-10° | 1.27-10°

Table 5.10 — MCNP simulation of Total and Thermal Flux in Positions 1,2
and 3

As one can see, the first two points in the simulation approach match the
measurement values very well. Therefore we can say, that the surface source
and KCODE approach, as well as the model of the core, are very reliable
in this area of the model. For the last measurement point at the outside of
the beam tube however we face a larger difference between simulation and
measurement. The simulation result of the last point is twice as high as the
measurement value. This difference can be explained by a variety of reasons,
which will be discussed in more detail later in the conclusion of this thesis.

Figure 5.1 shows the neutron energy spectrum gathered by the MCNP sim-
ulation in the 3 different points along the Beam Tube B.
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Chapter 5 Stmulation Process and Results
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Figure 5.1 — Neutron Flux Energy Spectrum in the 3 tally points along Beam
Tube B

By comparing the above gathered results from the simulation process
with the measured values in Figure 5.2, one can see, that the simulated
spectrum of the first 2 points matches the measurement values also very
well. Only a slight shift to the area of the thermal flux can be detected in
the simulation. As mentioned, the simulation process delivers a higher total
flux in point 3, but the form of the spectrum itself gathered in the simulation
looks trustworthy compared to the measured values. This deviation will be
addressed later in the conclusion.

76


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r
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Figure 5.2 — Measured Energy Spectrum in the 3 tally points along Beam
Tube B [1]

The behaviour of the flux along the Beam Tube is the next data acquired
within this thesis. For this purpose two approaches where taken. Therefore
not only 3 points where added in the simulation process (as in the measure-
ment) - instead 16 tally areas where added in the model (as seen in Figure
4.10). More tally areas result in a better sampled flux distribution. The
source used in this simulation was also the surface source with 1 billion his-
tories followed. The data obtained from this simulation can be seen in Figure
5.3. This simulated data was then compared with the measurement. The
outcome of the measurement can be seen in Figure 5.4.
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Chapter 5 Stmulation Process and Results
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Figure 5.3 — Flux along Beam Tube B obtained by MCNP
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Figure 5.4 — Measured values of the Total Flux along Beam Tube B [1]
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Chapter 5 Stmulation Process and Results

As one can see in the above Figures, the last point of the Beam Tube shows
a major deviation between the measurement and the simulation approach.
To give a better insight into this deviation, the fitting functions used in the
Figures 5.3 and 5.4, are shown in Figure 5.5.

1E12 ~ ‘ ‘ ‘

\

Total Flux Simulated
Total Flux Measured

AEA

1E10
N

Total Flux cm-2*s-1

TR

\_
1E9 N

L ¥ L L " L ¥ L L " 1
0 20 40 60 80 100 120 140 160 180 200
Length [cm]

Figure 5.5 — Comparison of measured values and MCNP simulation

In Figure 5.3 can be seen, that the flux in Beam Tube B decreases in a
way, that one would expect. Still the last points, namely the points after
the Shadow Shield at about 130 cm, show a deviation from the measured
and predicted value, seen in Table 5.10. It should also be noted, that there
are no fluctuations within these outer points and that the flux decreases
in a constant manner in these points. Also the statistical checks in these
outside tally areas behave very well. Since the difference between precision
and accuracy was already shown in Figure 3.2, the suspicion arises, that there
is a wrong definition in the geometry, that leads to this offset. The initial
guess concerning this deviation would be a false definition in the Shadow
Shield, since the deviation starts directly after the shield. Simulations were
done with and without this Shadow Shield to determine the effect on the flux
behind the shield in the stainless steel tube. It turned out the shield had no
effect whatsoever on the flux. The reasons that could lead to this effect are
explained in more detail in the conclusion part.
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Conclusion

The purpose of this work was to generate a functioning model of the whole
TRIGA Mark II reactor at the Atominstitut Vienna with the MCNP code
package and to validate this model by comparing the simulated data of the
neutron flux in Beam Tube B with the available experimental data. From the
standpoint of the geometric construction of the reactor and the horizontal
Beam Tubes can be said, that a reliable model of the TRIGA Mark II reac-
tor Vienna was created. In chapter 4, the modelling process in MCNP was
described. Because of the complexity of such a large facility like the TRIGA
reactor, some components were simplified, such as the thermal column and
the neutron radiography facility, which are not considered in the later flux
calculations. Hence, the intention to build a model of the TRIGA Mark II
and the horizontal Beam Tubes has been fulfilled, since the simulation done
with MCNP did not refer to any major errors in the geometric properties
during execution.

Common TRIGA Mark II reactors have two identical Beam Tubes (Beam
Tube B/C at the TRIGA reactor Vienna), whereas the structure of the
graphite reflector in front of these Beam Tubes differ. In one case, the re-
flector presents a hole in the graphite, in the other case it is full of graphite.
This allows to extract two different neutron flux spectra in the Beam Tubes.
In a previous work, the Beam Tube B was identified to be the Beam Tube
which is facing a hole in the graphite reflector shielding by comparing the
available measurement data with the MCNP simulations of the neutron flux
done on the MCNP reactor model only considering the reactor tank and core
region (shown in Figure 4.1). In order to confirm this, simulations of the
neutron flux were obtained at the same position with the extended model
and then compared with the experimental data and the MCNP simulation
in the previous work. According to the results of the simulations on the ex-
tended model in chapter 5.4.1, it can be confirmed that the Beam Tube B is
the one facing the empty graphite structure in the reflector.
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The major objective of this thesis was to determine the neutron flux and
the neutron energy spectrum along the Beam Tube B. The reference point
for the validation of the simulation was measurement data. This measure-
ment was done in 3 positions along the Beam Tube. The simulation, carried
out in 16 positions along the Beam Tube B in chapter 5.4.2, shows a nearly
perfect match of the total flux values with the measurement data in the in-
ner parts of the reactor model. At the third measurement point (the most
outwardly point in the Beam Tube) a deviation of the simulation and mea-
surement approach was detected. In consideration of the location of this
position (concerning the distance from the core) still acceptable simulation
results were obtained with the extended model in this position. All of the
positions, where data was gained from the simulation process, show a very
good behaviour in the statistical sense of the Monte Carlo method. Sev-
eral suspicious facts can explain the deviation detected in the most outward
position, such as uncertainties in the material and geometric specifications
in the model or even inaccuracies in the measurement. For the purpose of
clarification of this deviation, a more precise verification on the basis of other
measured values in the outer areas of the reactor model would be necessary
within the framework of further works.

Finally, it can be said that a working model of the TRIGA Mark II was
created, which provides satisfactory simulation for the neutron flux and neu-
tron energy spectrum in the out-of-core areas. The profile of the neutron flux
was determined along the horizontal Beam Tube B and the current model
is now available for similar evaluations in the remaining horizontal Beam

Tubes.
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Appendix A

MCNP Material Specifications

Shielding Concrete
Density: 2.35g - cm ™3
m12 1001.60c -.0056 &
8016.60c -.4956 &
14000.60c -.3135 &
13027.60c¢ -.0456 &
26000.50c -.0122 &
12000.60c -.0024 &
11023.60c -.0171 &
19000.60c -.0192 &
16032.60c -.0011 &
20000.60c -.0826

Stainless Steel
Density: 8.02¢g - cm™3

m10 26054.66¢ -0.039658 &
26056.66¢ -0.62255089 &
26057.66¢ -0.014377415 &
26058.66¢ -0.00191337 &
24050.66¢ -0.007821 &
24052.66¢ -0.15082020 &
24053.66¢ -0.017101800 &
24054.66¢ -0.00425700 &
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28058.66¢ -0.0686 &
28060.66¢ -0.0294 &
25055.66¢ -0.018 &
14028.66¢ -0.01 &
15031.66¢ -0.0045 &
16032.60c -0.003 &
6000.66¢ -0.008

Aluminium
Density: —2.7¢g - em™3
m2 13027.60c -1.0

Quartz gravel
Density: 1.4g - cm™
m13 8016.70c 2 14028.70c

3

Air

Density: 1.15e73g - em ™3

m9 8016.60c -0.23 7014.60c -0.77
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Appendix B

Importance Map for (Geometry

Splitting

Importance Map for Geometry Splitting

cell start plane |end plane |volume [population |population density |population decrease factor new importance
548 55,635 75| 902,4693 1307187 1448,455896 1
851 75 105,64| 1427,919 2081255 1457,543719 0,993764974 0,993764974]
853 105,64 115,64| 466,0311 647024 1388,370724 1,049823144 1,04327747
855, 115,64 125,64| 466,0311 648901 1392,398352 0,997107417 1,040259703
857 125,64 135,64| 466,0311 645247 1384,557674 1,005662948 1,046150639
859 135,64 145,64| 466,0311 637688 1368,337728 1,011853759 1,058551457
861 145,64 155,64| 466,0311 629575 1350,929021 1,012886471 1,07219245
863 155,64 165,64| 466,0311 628128 1347,824078 1,002303671 1,074662428
865 165,64 174,22| 399,8547 574933 1437,854716 0,937385441 1,007372914
Diameter Shift — Aluminium Tube to Steel Tube
867 174,22 185,64| 951,065 1387056 1458,423942 0,985896264 0,993165193
869 184,22 195,64| 951,065 1299269 1366,120053 1,067566455 1,060269844
871 194,22 205,64 951,065 1270181 1335,535394 1,022900673 1,084550737
873 204,22 215,64 951,065 1239179 1302,938253 1,025018177 1,11168422
875, 214,22 225,64| 951,065 1230959 1294,295311 1,00667772 1,119107736
877 224,22 235,64 951,065 1220826 1283,64094 1,008300118 1,128396463
879 234,22 245,64 951,065 1312659 1380,199007 0,930040475 1,049454382
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