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Abstract

This thesis presents neutron imaging as a technique that can be used to reveal the presence of chemical
composition in the materials, their structure, and the presence of the in homogeneities within the sample.
Because the neutrons are very sensitive to small amounts of hydrogen this method makes possible the

visualisation of water in a very accurate way.

Most of the experimental results were obtained using the neutron radiography NR station II at Atominstitut,
which possesses a Triga Mark II research reactor. The reactor has a maximum power of 250 kW. The
neutron radiography instrument set-up utilises a thermal flux of 1.3 x 10° neutrons/(cm’s) and is capable of
producing high quality images. Meanwhile the neutron beam has a diameter of 9 cm, with a divergence of
0.44 degrees (7.6 mrad), equivalent to the beam length to diameter ratio L/D ~ 130 achieving a spatial
resolution of ~150 pm with a thin plate °Li scintillator detector. The imaging instruments include also an
imaging plate neutron detector, which has a nominal scanner resolution of 50 um, and make this method
ideal for obtaining real time images in two dimensions, and in three dimensions as well. In this thesis, we
analyse the strengths and limitations of each detector in the field of neutron radiography and tomography,
and demonstrate that high resolution digitized images down to the 50 um scale can be accomplished with

such a low neutron flux, if appropriate measures are taken in appropriate exposure time.

It has been shown that with these properties, the neutron radiography method is the best method for highly
absorbing and relatively thick samples on a reasonable time-scale and in a wide range of scientific fields.
Interesting materials used in nuclear technology such as Boron steel materials used in nuclear shielding were
studied together with MCNPX simulations. The neutron transmission through thick and strong absorbing
steel sheets is slightly enhanced due to boron micro-in-homogeneities. This effect was estimated by means of
MCNPX in details. The transmission data have been analysed by applying different models of micro-in-
homogeneities in the range of 20 pm, and in all cases these models demonstrate an elevated transmission. It
has been shown, that including the microstructure in the analysis provides a more suitable modelling for

neutron transmission through strong absorbing materials.

Hollow microspheres are promising candidates for future hydrogen storage technologies. Hollow micro-glass
spheres filled with hydrogen were investigated under different conditions. Although the physical process for
hydrogen diffusion through glass is well understood, measurements of static quantities such as hydrogen
pressure inside the spheres as well as dynamic properties such as the diffusion rate of hydrogen through glass
are still difficult to handle due to the small size of the spheres (d = 15 um). For diffusion rate measurements,

the long-term stability of the experiment is mandatory due to the relatively slow diffusion rate. In this work,
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we present an accurate and long-term stable measurement technique for static and dynamic properties, using
neutron radiography method.

Neutrons are ideal for imaging of hydrogen fuel cells because of their sensitivity to hydrogen-containing
compounds such as water. Neutron imaging was performed to visualize the water distribution and movement
at flow channels in operating proton exchange membrane fuel cell. According to operation conditions, inlet
humidity and density current, the phenomenon of water distribution was investigated. The real-time
radiography image were analysed to quantify the water amount in the membrane electrode assembly MEA
inside the fuel cell. However, the mechanism of the membrane is not completely understood, because of the
difficulty of measuring the water distribution during the operation of the fuel cell. Knowing where liquid
water accumulates with more certainty helps us to understand the water transport in proton exchange

membrane of the fuel cell.

Experimental techniques were developed to visualize liquid flows inside a heat exchanger by the neutron
radiography method. The air—water two-phase brazing plate heat exchanger was visualized by the thermal
neutron radiography method as a non-destructive method in order to clarify the water distribution. Heat
transfer characteristics of the heat exchanger are dominated by the characteristics of fluid movement and it is
essential to understand the two-phase regime in heat exchangers. It was shown that it is possible to visualize

these two - phase regimes in a plate heat exchanger by neutron radiography.

These applications show that neutron imaging can be performed at the low power research reactor and is a

suitable non-destructive technique in various scientific disciplines and other application in oriented fields.



Kurzfassung

Die vorgelegte Arbeit priasentiert Neutronenbildgebung als Technik zum Finden der Zusammensetzung von
Proben, deren Grobstruktur und moglicher Verunreinigungen. Neutronen wechselwirken stark mit geringsten
Mengen von Wasserstoff, weshalb Wassergehalte leicht sichtbar gemacht werden kénnen.

Die meisten Experimente wurden an der Neutronen-Radiographie Station II am Atominstitut (TRIGA Mark
I Forschungsreaktor, 250 kW thermische Leistung im Dauerbetrieb) durchgefiihrt. An diesem Strahlrohr
wird ein Fluss von 1.3 x 10° Neutronen/(cm’s) - thermisch - erreicht, was fiir qualitativ hochwertige
Abbildungen ausreicht. Der Neutronenstrahldurchmesser am Austritt betrdgt 9 cm, mit einer Divergenz von
0.44 Grad (7.6 mrad), gleichbedeutend zu einem Verhéltnis Strahllinge zu Durchmesser von L/D ~ 130. Mit
einem diinnen 6Li Szintillationsdetektor kann eine Auflosung von ~150 um erreicht werden. Weiteres kann
ein imaging plate Neutronendetektor mit einer nominellen Scanner-Auflosung von 50 um eingesetzt werden.
Insgesamt ist diese Methode ausgezeichnet zur 2- und 3- dimensionalen Bildgebung in Echtzeit geeignet. In
dieser Arbeit werden die Stirken und Schwichen der jeweiligen Detektoren im Felde der
Neutronenradiographie und Tomographie ausgelotet. Es wird weiter gezeigt, dass trotz des relativ geringen
Neutronenflusses, dass hochauflosende Bildgebung bis in den 50 pm Bereich in akzeptabler Messzeit
erreicht werden kann, wenn geeignete Mallnahmen ergriffen werden.

Es konnte gezeigt werden, dass diese Methode fiir ein breit gestreutes Feld von Anwendungen bestens
geeignet ist fiir stark absorbierende und relativ dicke Proben. Bor-Stahl, der in der Nukleartechnik als
Absorber verwendet wird, wurde vermessen und in Verbindung mit MCNPX Simulationsrechnungen erstellt.
Eine vom theoretisch erwarteten Verhalten abweichende Transmission durch dicke, stark absorbierende
Stahlproben konnte auf Bor — Mikroinhomogenitét im Bereich von 20 pm zuriickgefiihrt werden. Es konnte
gezeigt werden, dass, durch die Einbeziehung verschiedener Mikrostrukturmodelle in die MCNPX
Berechnungen, eine bessere Ubereinstimmung mit den realen Messwerten zu erzielen ist.

Hohle Mikro-Glaskugeln stellen vielversprechende Kandidaten zur Wasserstoff-Speicherung dar. Derartige
hohle Mikro-Glaskugeln wurden unter verschiedenen Bedingungen vermessen. Obwohl der physikalische
Vorgang der Wasserstoff-Diffusion gut verstanden ist, sind z.B. der innere statische Wasserstoff-Druck, als
auch die dynamische Diffusionsrate relativ schlecht zugénglich; Dies liegt an der geringen Gréfe der Mikro-
Glaskugeln (d = 15 pm). Fiir die Messung der relativ langsamen Diffusion ist die Langzeitstabilitdt der
bildgebenden Experimente von entscheidender Bedeutung. In dieser Arbeit wird eine genaue und
langzeitstabile Messtechnik zur Erfassung statischer und dynamischer FEigenschaften mittels
Neutronenradiographie vorgestellt.

Neutronen sind ideal geeignet zur Bildgebung von Wasserstoff-Brennzellen wegen der Empfindlichkeit
gegeniiber Wasserstoff. Dieses Verfahren wurde eingesetzt, um die Wasserverteilung und Bewegung in den

internen Kanélen einer operativen Protonen-Austausch-Membran Brennstoffzelle zu verbildlichen, wobei
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verschiedene Einflussparameter, wie Feuchtigkeit und Strom variiert wurden. Echtzeit-Aufnahmen iiber das
Verhalten im Inneren konnten so erhalten werden, da etwa die Wasserverteilung an den Membranen im
Betrieb noch nicht ausreichend verstanden ist. Diese Methode verbessert das Verstindnis der
Wasserverteilung / Akkumulation an den Membranen innerhalb der Brennstoffzellen.

Experimentelle Methoden, unter Zuhilfenahme der Neutronenradiographie, wurden entwickelt, die
Fliissigkeitsverteilung im Inneren von Wirmetauschern zu verbildlichen. Ein 2-Phasen Luft-Wasser
Wiérmetauscher wurde zerstorungsfrei untersucht, um die Wasserverteilung besser zu verstehen. Die
Warmeiibergangscharakteristik ~ eines  solchen = Wirmetauschers  wird  dominiert  durch  die
Fliissigkeitsbewegung im Inneren, welche mittels der Neutronenradiographie dargestellt werden konnte.

Die dargelegten Anwendungen zeigen, dass Neutronenradiographie durchaus an einem
Niederleistungsforschungsreaktor durchgefiihrt werden kann. Diese ist ein geeignetes, zerstorungsfreies

Verfahren fiir verschiedenste wissenschaftliche Disziplinen als auch anwendungsorientierte Bereiche.

10



Introduction

At the Atomic Institute, Vienna, neutron imaging has a long tradition with a 250kW TRIGA MARK II
reactor. In the framework of this thesis, the experimental set-up at Neutron Radiography station II has been

used to perform several experiments.

At the neutron radiography station NR II we have characterised and improved the existing detection system.
The NR II station provides a neutron scintillator in combination with a CCD camera and an imaging plate
neutron detector IP-ND. Each of our detectors has specific features and fields of applications. The selection
of the detectors is determined by beam intensity and intended applications. We analysed the strengths and
limitations of each detector in the field of neutron radiography and tomography, and demonstrated that high
resolution digitized imaging down to the 50 pm scale can be accomplished with weak beam intensities of 1.3

x 10° n/(cm®s), if appropriate measures are taken for the inevitable extension of measurement times.

The neutron interaction with matter principle has been employed in investigations of boron steel materials
used in the nuclear industry, for studying hydrogen storage in hollow micro-spheres and in the field of
engineering and in many research topics e.g. neutron radiography of fuel cells and heat exchangers.

Boron element, especially the B-10 isotope, is a strong neutron absorber used for neutron screens, advanced
neutron converter detectors, and in nuclear engineering as reactor shielding, fuel storage and transportation
baskets. The realization of uniform boron distribution is an important property for these applications in order

to homogenize and minimize neutron transmission.

Neutron transmission is a well-suited method for inspection of in-homogeneities of the materials. The
transmission data have been analysed by designed models, using Monte Carlo Neutron Transport (MCNPX)
code modelling materials with inhomogeneities. The transmission through boron polyethylene plates was
accurately background corrected. The main objective of this work was to investigate the effect of micro-in-
homogeneities on neutron transmission, in order to obtain additional information about the absorber
distribution even beyond the detector resolution. The Bohler Bleche GmbH Company, which produces boron
steel, has supplied us with sample plates. Monte Carlo simulations were performed for better understanding
and interpretation of the obtained experimental results. In this part of the thesis, we focused on the secondary
effects, considering: energy distribution, beam hardening, the background effect, and finally the analysis of

absorber inhomogeneities.
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Hydrogen due to its usage in fuel cells is seen as an important alternative renewable energy source. Most
research into hydrogen storage is focused on storing hydrogen as a lightweight, compact energy carrier for
mobile applications.

The concept of using hollow glass microspheres as a hydrogen storage medium has been known for some
time. Hollow glass microspheres (HGM) can be used for controlling storage and release of hydrogen.
Hydrogen diffuses through the thin wall of the HGM at elevated temperatures and pressures.

The hydrogen diffuses through the microsphere membranes, equilibrating the internal and external pressures
and filling the spheres. The gas is then trapped upon cooling to room temperature. The ability of HGM to
safely store compressed hydrogen gas is a major advantage.

We are presenting a method for pressure and diffusion rate measurements based on neutron radiography.
Based on the hydrogen sensitivity, which is very high, high scattering cross-section of hydrogen yields high
detection sensitivity by neutron radiography. This property has been used to study the transport and storage
of hydrogen filling the hollow micro spheres. For this experiment we used S38HS microspheres with an
average diameter of approximately 15um. The hollow microspheres were filled with hydrogen gas under
different pressures. The attenuation is dominated by the hydrogen presence in the samples.

Neutron transmission measurements of hydrogen filled microspheres are the first step quantifying
microspheres and their filling process. These data are necessary to optimize the complete system regarding
storage pressure and long-term stability. The next steps are the optimization of the filling process and testing
different types of microspheres. The outcome of this fundamental research can further be used to optimize
hydrogen filled microspheres for energy related applications, e.g. safety hydrogen storage system for fuel

cells.

A Fuel cell is a device that converts the chemical energy from a fuel into electricity via a chemical reaction
with oxygen or another oxidizing agent. Hydrogen is the most common fuel.

Oxygen and hydrogen react at the gas diffusion electrodes, to form water, while converting the chemical
energy into electrical energy.

Fuel cells are used to power vehicles, including automobiles, buses, forklifts, airplanes, boats, motorcycles
and submarines. There are many types of fuel cells, but they all consist of an anode (negative side), a cathode
(positive side) and an electrolyte that allows charges to move between the two sides of the fuel cell.
Electrons are drawn from the anode to the cathode through an external circuit, producing direct current
electricity.

A proton exchange membrane fuel cell or electrolyte membrane (PEMFC) is a semi permeable membrane
generally made from ionomers and designed to conduct protons while being impermeable to gases such as
oxygen or hydrogen. This is their essential function when incorporated into a membrane electrode assembly

(MEA) of a proton exchange membrane fuel cell or of a proton exchange membrane electrolyser: separation
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of the reactants and transport of protons. Liquid water comes into the fuel cell by humidification of the
supplied gases. Only with a humid membrane the proton conductivity of the membrane — which is essential
for the function of a PEMFC - is warranted.

Neutron imaging was used to investigate the water distribution inside the membrane of a stationary fuel cell,
under different applied current density and under different humidity conditions. This method has proven to
be a valuable tool to visualize operating stationary fuel cells and to detect and quantify water created inside
the fuel cells.

The NR 1I station at ATI has provided images with spatial resolution of 200 um for °Li scintillator with CCD
camera and 50 um for imaging plate neutron detector IP-ND of a fuel cell during operation. Knowing where
liquid water accumulates with more certainty helps us to understand the water transport inside membrane in

fuel cells.

A heat exchanger is equipment built for efficient heat transfer from one medium to another. Heat exchanger
and heat pumps are an important and promising technology to decrease energy consumption regarding
heating and cooling and therefore increase overall efficiency of industrial processes. To further develop these
technologies it is important to understand two phases (liquid, gas) flow regimes in heat exchangers, in
particular plate heat exchangers. For that an experiment was carried out at the NR 1I station, where a small
plate heat exchanger was analysed by neutron radiography to visualize the process.

The difference of a water filled or air filled heat exchanger is clearly visible as well as the inner structure of
the heat exchanger. Visualization had been successfully obtained from images with high spatial resolution

imaging plate neutron detector IP-ND.
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Chapter 1 Neutron Source

A nuclear reactor produces free neutrons via fission reaction with high energies; therefore neutrons have to
be thermalized. Neutrons are moderated to have a thermalized neutron flux described by Maxwellian
distribution. Thermal neutrons have a high absorption cross section in the thermal energy range. Therefore
the total neutron absorption principle is used in neutron radiography and tomography techniques. These

techniques enable us having in this way information about internal structure of materials of interest.

1.1 Thermalized Neutron Source

For neutron transmission experiments usually thermal (Vyerma = 2200 m/s) and cold (Veps = 700 m/s)
neutrons are used, because most of the investigated materials have a higher attenuation for low neutron
energies. But also the detection sensitivity for slow neutrons is higher. This allows us to use very thin
detectors with high resolution. Free neutrons, which are necessary in a neutron transmission experiment, are
produced via nuclear reactions at the Triga Mark-1I reactor at ATI (Atominstitut der Osterreichischen
Universitdten) (figure. 1.1.1) [Buchberger, 1986].
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Figure 1.1.1 The four neutrons beam lines at the Triga Mark-1I reactor near ATIL
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It is a swimming-pool type that is used for training, research and isotope production.

Nuclear fission in reactor: n+U — A, + A, +vn +200MeV (1.1.1)
where nuclear fission is mainly initiated by thermal neutrons and where V =2.4 neutrons are released. A
continuous source of neutrons is provided by a chain reaction. 4, and A, denote the various fission

fragments. The Triga MARK 1I reactor has a maximum continuous output of 250 kW. The reactor core
consists of some 80 fuel elements. Figure 1.1.2 shows the core map. The fuel is in the form of a uniform
mixture of 8 wt% uranium (U), 1 wt% hydrogen (H) and 91 wt% zirconium (Zr), as zirconium-hydride,
being the main moderator. The reactor is controlled by three control rods, which contain boron carbide as

absorber material.
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Figure 1.1.2 The core map of the ATI Triga MARK II reactor.

As a research reactor the Triga Mark-II is equipped with one neutron radiography facility and with one
thermal column, which is filled with graphite to slow down the neutrons. In this case it is working as a
moderator for free neutrons coming from the core. By applying elementary laws of mechanics the mean

energy loss AE in the laboratory system for scattering from nuclei of mass number A has the form:

E 44

= EW (1.1.2)

In the case of graphite, around 114 collisions and a time of about 159 ps are necessary for moderations.
Fission takes place in any of the heavy nuclei after capture of a neutron. However, low-energy or thermal

neutrons are able to cause fission in *°U isotopes of uranium. The probability that fission will occur is
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. . . 2 . .
described by the neutron cross-section for that reaction. In such as **U, the fission cross-section becomes

very large at the thermal energies of slow neutrons like is shown in figure 1.1.3.
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Figure 1.1.3 Cross section (in barns) as a function of neutron energy for *>U, showing increases in fission

probability with lower neutron energy.

As soon as the neutrons reach the energies comparable to the thermal energy of moderator atoms, there are in
thermal equilibrium corresponding to the Maxwell-Boltzmann energy distribution. The thermalized neutrons
are extracted from the moderator through beam tubes. Kinetic energy E can be related to temperature T via

[Zawisky, 2006]:

3
E=—mv =§kBT (1.1.3)

Where k, - Boltzmann constant, m is neutron mass and v is neutron velocity. The energy distribution of the

neutron flux can be written approximately as:

E —E/kyT
OE)=0, ———e ks 1.1.4
th (kBT)3/2 ( )
Where @, - thermal neutron flux. The values for the thermal energy, velocity wavelength can be derived

using the relationship [Zawisky, 2006]:

2 2
_mv, h

E, =k,T = =
e 2 2mk

(1.1.5)

Where /4 is Planck constant.
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1.2 Neutron Spectra

With Bonner Sphere Spectrometry (BSS) it is possible to measure the spectral distribution of the
neutron fluence rate at the thermal column of the Triga reactor [Hajek, 2001]. This method makes use of a
detector for thermal neutrons in the centre of polyethylene moderating spheres. Polyethylene (CH,), is
employed, because it is an ideal moderating material for neutrons due to its high concentration of elements
like hydrogen and carbon which have a low atomic number and high scattering probability. Depending on
the diameter of the sphere, a fraction of the neutrons gets moderated until they reach the thermal equilibrium
with the moderator atoms and the detector placed in the centre of the sphere detects these neutrons. The
detector in BSS used for this type of measurements was a *Li(EU)-scintillation counter optically coupled to a
photo multiplier tube with connected pre-amplifier. The Lil-scintillator measures the density of the
thermalized neutron inside the Bonner spheres. Thermal neutrons will have a Maxwellian energy distribution
such that the number of neutrons dn per volume element with energies between E and E + dE is [Hajek,
2001]:

27

dn =n(E)=—"exp(-L/ )EdE (1.2)
(kT ol

From the figure 1.2.1 it is clearly visible that the energy spectrum emitted at the reactor beamlines can
approximately described by three parts: a Maxwellian distribution around thermal energies, followed by 1/E-
spectrum for intermediate energies and again a Maxwellian spectrum for the fast neutrons. These theoretical

were used as input into measurements data.

From the plot in the figure 1.2.2 the neutron energy spectrum at the thermal column at The Triga Mark 11

reaserch reactor at ATI can be well described by a Maxwellian distribution function.

The contribution of the fast neutrons to the total flux is negligible. Values are calculated for a thermal power
of 250 kWh with the assumption of a linear flux/power relationship. BSS measurements have been carried
out at a distance of 35 cm from the graphite surface, behind the concrete door.

For fully thermalized neutron spectra at room temperature we have: E,;, = 0.0253 eV, vy,= 2200 m/s, A4= 0.18

nm [Sears, 1992].
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Figure 1.2.1 Default reactor spectra used for spectra deconvolution [Hajek, 2001].
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Figure 1.2.2 Unfolded and fitted neutron spectra at the thermal column of the TRIGA Mark-1I research

reactor at ATI [Hajek, 2001].
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1.3 Neutron Collimator

When the neutrons are in a thermal equilibrium with the moderator, the collimator selects the
neutrons flying in the same direction towards the sample and the detector. The collimator at the NR-II
facility has two sections as shown in figure 1.3.1. The first section is conical and the second section is

cylindrical.

detector

heavy concrete gate

thermal column
(graphite)

reactor core

collimator

reflector
(graphite)

Figure 1.3.1 The NR-II station at ATI in Vienna [Zawisky, 2006].

The conical part is installed in the thermal column and consists of two concentric cones, where the innermost
has an aperture of 2 cm and an outlet of 9 cm at a length of 130 cm. Each is about 3 mm thick.

The inner cone is the borated epoxy compound also coating the outer cadmium cone (see figure 1.3.2). The
cylinders are shielded at their outside of the thermal column by borated polyethylene out to a diameter of 20
cm. After this comes the cylindrical part which is attached to the movable heavy concrete door and has a
length of 130 cm, (innermost has a diameter of 9 cm). It has a similar cross section as the cone [Koerner,

20001, [Bastuerk, 2003].
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Figure 1.3.2 The composition of the conical part of the collimator at NR-1I station.

After the moderation, the directions of the neutron velocities are approximately isotropically distributed. By
collimation we can say, that the neutron beam reaching the sample can be considered as being parallel. The
existence of the graphite block makes possible a homogeneous neutron energy distribution. If the z-axis is
aligned with the neutron beam and assuming to be quasi parallel, the inevitable divergence is described by
the L/D-ratio, where L is the length of the collimator and D the diameter of the aperture. Typical value for
L/D at our NR-II station is 130, which corresponds approximately to a maximum divergence angle of 0.44

degrees.

14 Neutron Interaction with Matter
The neutron is a subatomic particle with no electric charge and a mass slightly larger than that of a
proton: m,= 939.565379 (21) MeV/c* = 1.67492716 x 10”" kg [PDG, 2015].

Neutrons passing the sample can react with atomic nuclei and possible reactions are absorbing or scattering

events. The probability for a reaction depends on the neutron energy and is described by the microscopic
: : . . 1 :
cross section o(E). For slow neutrons the cross section G is exactly proportional to //v: (o(E)~—, Fermi’s
v

Law) - where v is neutron velocity. The total cross section o; is usually measured in transmission
experiments. A thin sample, with thickness dx is placed in front of the monochromatic parallel neutron beam,
with an intensity 7, and a detector is placed behind the sample. The intensity of the beam will decrease by

the number of neutrons that have interacted in the thin sample [Lamarsh, 1969]:
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—dl(x)=No, I(x)dx (1.4.1)

where N is the atom density of the target. After integration, we have:
_ -No,x
I(x)=1e (1.4.2)
The intensity after interaction decreases exponentially with distance inside the target. This equation is known

as Beer's law.

The product of the atomic density and the cross section is called the macroscopic cross section. In particular

the product: NO, =2, is called the macroscopic total cross section.

In terms of Zt the equation (1.4.1) can be written as [Lamarsh, 1969]:

—dl(x) =2 1(x)dx (1.4.3)
Dividing this expression by /(x) gives:

_A® s gy (1.4.4)
I(x)

The quantity dI(x)/I(x) is the fraction of the neutrons that have penetrated the distance x into the target
without interacting, which subsequently interact in the infinitesimal length dx. Thus from equation (1.4.4)

Z,dx is the probability that a neutron interacts in dx, and it follows that , 18 the probability per unit path

length that a neutron will undergo some sort of interaction. Returning to equation (1.4.2), it should be noted
that in view of the fact that /(x) refers to those neutrons that have not interacted in penetrating the distance x,

the ratio [Lamarsh, 1969]:
—=e =e 1.4.5
1 (1:4)

is equal to the probability that a neutron can move through this distance without interacting. Now let the

quantity p(x)dx be the probability that a neutron will have its first interaction in dx in the neighbourhood of

x. Since X, is the probability of interaction per path length, p(x)dx is given by:
p(x)dx =e ™ xZ,dx =% e " dx (1.4.6)

For instance, the probability P(a, b) that a neutron will have its first interaction between: x = a and x = b is

simply the integral of p(x)dx between these limits. That is:

b
P(a,b) = Z,fefz’xdx e —e . (1.4.7)
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In particular, the probability that a neutron will interact at least once in an infinite medium is obtained by

placing @ = 0 and b= oo thus:

P(0,0) = jp(x)dx =1 (1.4.8)
0

as would be expected.

The distance that a neutron move between interactions is called a free path, and the average distance between
interactions is known as the mean free path. This quantity, which is usually denoted by the symbol 4, is equal
to the average value of x, the distance traversed by a neutron without interaction, over the interaction

probability distribution p(x), that is,

A= [xp(x)dx =2, [xe ™ dx = ZL (1.4.9)
0 0

t

The sum of the cross section of all possibilities interactions is known as the total cross section:

o,=0,+0,t0,+0,+... (1.4.10)

where elastic scattering is described by the elastic scattering cross section, gy; inelastic scattering by the
inelastic scattering cross section o;: the (n, y) reaction (radiative capture) by the capture cross section o,;
fission by the fission cross section, oy etc.

In this way the total cross section measures the probability of all absorption reactions. The difference

between the total g, and elastic cross sections o, is called the “inelastic cross section”:

c, =0,-0, (1.4.11)

The sum of cross section over all absorption reactions is called absorption cross section:

0,=0,+0,+0,+0,+... (1.4.12)

where 0, and o, are the cross sections for the (n, p) and (n, o) reactions.
Besides absorption also the elastic neutron scattering on crystals is of major importance. For low energies
neutron the so-called Bragg scattering describes the reflection of the beam on crystal planes (see figure

1.4.1), [Lamarsh, 1969].
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Figure 1.4.1 Bragg reflection from three crystal planes.

Neutrons will be reflected from these planes scattered through 23, provided the neutron wavelength A

satisfies the relation:

nA =2dsin9 (1.4.13)

Where n = 1, 2, 3.... and d is the distance between adjacent Bragg planes. According to this equation there is

a maximum wavelength above which Bragg scattering cannot occur. By placing: ¢ =7/2 and n = I, this

wavelength, ﬂmax , is found to be:

Arnax = 2d (1.4.14)

max

Since A increases with decreasing neutron energy, it follows that here is a minimum energy, called the Bragg
cutoff, below which Bragg scattering cannot occur. More in details this principle is discussed in Appendix B:

Transmission with Monochromatic Beam [Lamarsh, 1969].

1.5 Neutron Radiography'

Neutron transmission radiography (NR) is based on the application of the universal law of
attenuation of radiation passing through matter (equation 1.4.2). Because different materials have different
attenuation behaviour the neutron beam passing through a sample can be interpreted as signal carrying
information about the composition and structure of the sample. By measuring the intensity variations in the
beam that passes through an object, a two-dimensional neutron image is achieved. Neutron radiography

provides a very efficient tool for investigations in the field of non - destructive testing as well as for many

'http://www.ati.ac.at/~neutropt/experiments/Radiography/radiography.html|
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applications in fundamental research. A neutron beam penetrating a specimen is attenuated by the sample
material and detected by a two-dimensional imaging device. The image contains information about material
and structure inside the sample because neutrons are attenuated according to the basic law of radiation
attenuation. Contrary to X - rays, neutrons are attenuated by some light materials, as i.e. hydrogen, boron and
lithium, but penetrate many heavy materials. Neutrons are able to distinguish between different isotopes and
neutron radiography is an important tool for studies of radioactive materials. At the Atominstitut (ATI)
neutron radiographic investigations are performed for more than 35 years. The detectors mainly used are
converter/film assemblies. However, these detectors are limited regarding their sensitivity, dynamic range
and linearity. Due to rapid development of detector and computer technologies as well as advances in the
field of digital image processing, new technologies are available which have the potential to improve the
performance of neutron radiographic investigations enormously. Therefore, the aim of this work is to
identify and develop two and three-dimensional digital image processing methods suitable for neutron
radiographic and tomographic applications, and to implement and optimize them within data processing
strategies. Figure 1.5.1 shows a basic neutron radiography setup: it consists basically of a neutron beam, a
collimator and a two-dimensional position detector system. The figure provides a graphical demonstration of
the three components in NR. The sample is placed between neutron beam and detector, which measures the
transmitted neutrons. Here we represent these two digitized imaging instruments used during transmission
measurements of boron alloyed steel plate samples. The NR I and NR 1II are two beam lines at ATI that are

dedicated to neutron imaging.

source collimator object detector

Figure 1.5.1 The basic experimental set-up for neutron imaging.

The NR station I is based on the film/converter method. The NR station I' at the Atominstitut is located at a
radial thermal beam channel of the TRIGA (reactor figure 1.5.3). The collimator assembly penetrates into the

reactor pool, leaving only a thin layer of water between the graphite moderator of the reactor and the

'http://www.ati.ac.at/~neutropt/experiments/Radiography/radiography.html|
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collimator entrance. The background emitted by the reactor is reduced by a bismuth filter, which is mounted
at the collimator entrance. The size of the entrance aperture (D) is 5 cm. The collimator continues as a
divergent conical space with walls lined with boron carbide. Part of the collimator can be filled with water to
close the beam channel. At the beginning of operation, this water is pumped out of the channel. The length of
the collimator (L) is 250 cm. Therefore the L/D-ratio of this facility is 50.

The NR station II at the Atominstitut is located at the thermal column of the TRIGA reactor (figure 1.5.3).
This is a cube of nuclear grade graphite with dimensions of about 1.2 m at each side. A collimator is
mounted inside this cube with an aluminum shell of the dimensions (10 x 10) cm®. The conical collimator
inside this shell is made of cadmium sheet metal. The space between the collimator and its shell is filled with
a polycrystalline material consisting of paraffin and boron carbide (figure 1.3.2). The diameter of the
aperture blend is: D = 2 cm. It is a sandwich construction made of 5 mm thick lead and boron carbide layers.
A 4 cm thick bismuth crystal is used to reduce the y -background emitted from the reactor. The second part
of the collimator is mounted inside the concrete door in front of the thermal column. This part of the
collimator has a cylindrical shape and a steel shell. This collimator design (2 parts) was chosen to enable
access to a high flux irradiation position at the end of the thermal column. The total length of the collimator
is: L = 260 cm. Therefore the L/D-ratio of this facility is 130. The beam diameter at the collimator exit is: d
= 9 cm (see figure 1.5.2). Both parts of the collimator are lined with boron carbide to absorb neutrons.
Reasonable exposure times in the thermal column with the thermal flux 1.3 x 10° neutrons/(cm’s) can get as
low as 20 s per image. This means, that it is possible to perform a set of measurements necessary for neutron
tomography (about 200 images) within several hours. Therefore, in a second working step, an entirely
automated neutron tomography facility has been built at the Atominstitut with this detector.

Table 1.1 summarizes the parameters for NR I & II stations at ATI.

lneutron
beam
i
D
Kl
2 cm| d
|
L 260 cm 9cm
Figure 1.5.2 The L/D ratio, which is a characteristic parameter of the neutron collimator at NR Il station

at Atominstitut.
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Reactor Platform

Aluminiurn Tank

Imadiation Room

Heavy Concrete Door

Concrete Shield [moveable on rails)

Collimator

Neutfron Radiographie Neutron Radiographie

Station-1 at the elevator Station-2
Thermal Column
Figure 1.5.3 NR Station I & Il at TRIGA Mark Il research reactor at ATIL
NR I Facility NR II Facility
Neutron flux (cm™s™) 3x 10° 1.3x10°
L/D (collimation) ratio 50 130
Cd-ratio 3 20
Beam diameter (cm) 40 9
Gamma background
0.4 0.045
(Sv/h)
Source strength (n.s™) 3.8x 10° 7.0x 10°
Facilities NR NR and NT
X-ray film/ Scintillator/CCD camera
Detection system
Converter IP-ND

Table 1.1 Basic characteristics of NR facilities at ATIL.
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1.6  Basic Experimental Set-Up of Neutron Radiography’

In neutron radiography (NR), a neutron beam is recorded on a two dimensional integrating position
sensitive detector after penetrating a sample. The output of the detector is an image representing the
macroscopic structure of the sample interior, as the neutron beam is attenuated depending on the sample

material and geometry according to the attenuation law:

CD(X,y,E): cDo(x’ y,E)e—z(x,y,E).d

(1.6.1)
e @, (x,y,E) flux density behind the collimator in [cm™s™']
e O (x, v, E) flux density transmitted through the object in [cm™s™]
e d - thickness of the sample in [cm]
e I - total macroscopic neutron cross-section of the sample in [cm™]
control unit
camera
lightthight light
enclosure signal
- —1 mirror
mirror — |
...v-:A
scintillator o
sample — neutron
Pt e
Figure 1.6.1 Scintillator with CCD camera system available at NR station II at Atominstitut'.

Because the interaction takes place with the nucleus of the atom, the cross-section depends not only on the
chemical element, but also on the specific isotope. Cross-sections of isotopes of the same element may vary
over several orders of magnitude. For a chemical element consisting of a mixture of several isotopes, the
overall macroscopic cross-section is the sum of the cross-sections of the isotopes weighted with their mass

fractions, and for a material consisting of several chemical elements; the overall cross-section is the sum of

"http://www.ati.ac.at/~neutropt/experiments/Radiography/radiography.html
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the cross-sections 2, of the component elements designated by an index Ele, weighted with their mass-

fractions P, :

2= P (162)

Ele

As mentioned above, the X of any isotope or element also depends on the neutron energy, i.e. the material of
a sample interacts differently with neutrons of different energies from a typical polychromatic NR beam. The
NR II is located at the thermal column of the TRIGA reactor, as shown in figure 1.5.3. The digitized neutron
imaging is installed at NR II (figure 1.6.1). It has a lower neutron flux and a smaller beam diameter, and has

easy access to the sample position during reactor operation.

1.7 Neutron Beam Line!

The basic experimental layout of NR consists of a neutron source, of a collimator functioning as a
beam formatting assembly, of a detector and of the object of study, which is placed between the exit of the
collimator and the detector.

A neutron beam line consists of all components from the neutron source to the exit of the collimator. The
following performance criteria are most relevant:

e the flux density

e the spatial resolution achievable with the beam

e the energy spectrum of the neutrons, including the Cd - ratio

e the spatial flux density distribution at the exit of the beam line, i.e. the homogeneity of the beam

profile

e the size of the beam area (A)

e the gamma (y) background.
These characteristics depend on the nature of the source and of the beam formatting assembly, and are also
partly correlated. From these performance criteria the strength of the source (S) and a parameter (Q),

representing the quality of the beam line can be defined:

S =04 (1.7.1)

L 2
and 0= S(Bj (1.7.2)

'http://www.ati.ac.at/~neutropt/experiments/Radiography/radiography.html|
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At stationary NR facilities, neutron sources are usually fission reactors or accelerator / target assembles,
including neutron spallation sources. In all of these sources, neutrons are generated with high initial energies,
between 2 MeV (mean value in nuclear reactors) and several 100 MeV (in spallation sources). For other
materials (i.e. thin layers), the use of cold neutrons provides the most suitable technique. But nevertheless,
thermal NR is the most frequent technique because thermal neutrons provide good contrasts for a large
number of elements, and they are more easily available at most large neutron sources (in a thermal reactor

neutrons have to be moderated to maintain the chain reaction).

1.8  Mathematical and Physical Foundations of Neutron Radiography

Neutron Radiography is an imaging technique, which provides images following the same principle

to X-ray radiography. The neutron and X-ray interaction give us significantly different information. While
X-ray attenuation is directly dependent on atomic number, neutrons are efficiently scattered or absorbed by
the number of nuclide in a given volume unit.
Neutron imaging has long been known to provide complementary, non-destructive imaging capabilities to X-
ray and gamma ray imaging methods [Anderson, 2009]. For radiography and tomography apertures or
collimator systems to reduce the range of directions in which the neutrons propagate in order to obtain a
defined point-to-point image collimate neutrons. Figure 1.8.1 represents the basic elements of the neutron
radiography system: source of neutrons, beam conditioning and shaping, neutron and detection, and
sampling and signal generation.

Converter Imager

Aperture Object
21(E,x,y,z,t)

P T ————— >
Z
n
—> | Ny
n| vy
(DT(E,B,ET,Xuy,t) T T I(E,O,ZT,X,y,t)
Projected flux Signal
Figure 1.8.1 Basic elements of a neutron radiography-imaging environment. A source of neutron is

typically shaped and collimated, interacts with the material constituents of a 3D object and is projected onto a 2D

imaging array [Anderson, 2009].

The imaging system, the image of a given point in a sample, can be described by the so-called point spread

function (PSF) because it involves not only the interaction with the sample but also the detector resolution
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(pixel size), the spread of radiation due to divergence and scintillation (detection) processes, and optical
systems (CCD cameras) [Anderson, 2009]. Referring to [Anderson, 2009] the spatial 2D resolution of a
system is best measured by determining its modulation transfer function (MTF). The MTF can be derived
from the Fourier Transform (FT) of the PSF (The Fourier Transform is an important image processing tool

which is used to decompose an image into its sine and cosine components):

IMTF|=FT{PSF(x, | (1.8.1)

So the measured intensity image /(x,y) is the convolution of the 2D PSF with the 2D projection of the object
function Op(x,y) (the 2D Radon transform of the 3D object), plus background (b,), normalized to the pixel-

efficiency &,ivi(x,y) of the detector:

I(x, ) = {PSF (x,5) ® 0, (x, ) + b, (X, 7)[# £ 5,y (%, ) (1.82)

Because of different efficiencies of the detector pixel and background, these two parameters must be
determined very accurately to achieve definite images or reconstructions. They are derived from flat field
and background images, the first obtained without the sample in the beam and the second when the beam
shutter is closed.

The goal of image analysis can be formulated as one of measuring the interaction cross-section of the
materials in the imaged object: X; — total macroscopic cross section. Direct measurements of X; provide

indirect information about material properties because [ Anderson, 2009]:

2=No (1.8.3)
N
where N = p—AA (1.8.4)

where G is the microscopic cross-section, N is the number of atoms per cm’, p is the material density, Ny is
Avogadro’s number, and A is the atomic weight.
Referring to Tobin in [Anderson, 2009] the interaction of the neutron beam @, produces a total of 2D field at

the converted plane @1 that can be decomposed into the uncollided flux, @,, and the scattered flux, @, as:

O, =D, +D, (1.8.5)

To understand the dependencies of the scattered flux on the image formation process, we introduce a buildup
factor as: B (has a value of B>1). It is a dependent on the composition and geometry presented by the object:
e Resolution modeling
e The effect of the neutron aperture D
e The optical diffusion response of a scintillator 6 (the optical component)
e Sampling at the sensor, As
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These effects of these systems are fundamentally described through the system impulse response h(x).

System impulse response h(x) will be expressed as [Anderson, 2009]:

h(x)= hp(x)*hs(x)*hccn(x) (1.8.6)
(corresponding to the neutron beam aperture, scintillator, and CCD sensor, respectively).
For modeling purposes, figure 1.8.2 represents an idealized radiography system containing the basic
elements described earlier in figure 1.8.1. To realize a point-to-point image, the size of the source and or the
beam divergence must be kept small L/D ratio where L is the distance of the point from the source and D the

source aperture [Anderson, 2009].

Scintillator

ccD
sensor
As

..% Z
Optical
system
v
X
Figure 1.8. 2 Representation of a basic radiographic image formation system used to estimate resolution

performance during the design stage. Model accounts for geometry, aperture size, scintillator resolution, and

optical system resolution [Anderson, 2009].

The most common collimator design is a divergent collimator with a small entrance aperture and a larger
exit. This maximizes the neutron flux and permits a larger field at the image plane. The angular spread of the
emerging beam is dependent upon the ratio of the collimator tube length (L) to its aperture diameter (D),
referred to as the L/D ratio. A large L/D ratio corresponds to a small beam divergence.

If L/D — o0 will improve the resolution also as d — 0 as the object moves closer to the detection plane
resolution also improves where d is the distance between the sample and the detector [Anderson, 2009].

For a system with L/D = 150 with beam aperture 25 mm and magnification factor Mccp = 0.25 resolution is
= 60 pum at the CCD imaging plate.

If, hypothetically we take for a radiography system: L/D = 750, corresponding to a beam aperture of D = 5
mm at a distance of 3.75 m from the object, the resolution of such system would be 14 pm at the sensor,
moving from the macro-analysis scale to the microscopy scale. Reducing the beam aperture from 25 mm to 5

mm this will increase system resolution by a factor of 4. This indicates the strong effect of L/D factor has on
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the resolution of a radiography system. L/D ratio can be increased by moving farther from the beam aperture
or by reducing the size of the aperture, also if the object sample moves closer to the detection as plane d—0

(see figure 1.8.2), the resolution also improves [Anderson, 2009].

1.9 Neutron Tomography NT (3-D imaging)

If we rotate an object into 180 degrees, and taking neutron radiography images at all angular
positions, a 3-Dimensional image of the object is taken. The technique is based on the Filtered Back
Projection Algorithm.

The methodological computed tomography, the tomography reconstruction problem is to obtain a
tomographic slice image from a set of projections. A projection is formed by drawing a set of parallel rays
through the 2D object of interest, assigning the integral of the object’s contrast along each ray to a single
pixel in the projection. A single projection of a 2D object is one-dimensional. To enable computed
tomography reconstruction of the object, several projections must be acquired, each of them corresponding
to a different angle between the rays with respect to the object [radon_transform.html]. A collection of
projections at several angles is called a sinogram, which is a linear transform of the original image according
to: [Smith, 2003], [Kharfi, 2013], [Rehacek, 2002], [Treimer, 2009], [Anderson, 2009].

The inverse Radon transform is used in computed tomography to reconstruct a 2D image from the measured
projections (the sinogram). A practical, exact implementation of the inverse Radon transform does not exist,
but there are several good approximate algorithms available.

As the inverse Radon transform reconstructs the object from a set of projections, the (forward) Radon
transform can be used to simulate a tomography experiment. The Radon transform simulate a tomography
experiment and reconstructs the input image based on the resulting sinogram formed by the simulation. One
method for performing the inverse Radon transform and reconstructing the original image is: The Filtered
Back Projection (FBP).

An object O (X, y, z) is considered as a superposition of n layers of the same thickness along z-axis, all
located in planes parallel to the plane (x, y) and perpendicular to z (figure 1.9.1). The intensity of the
transmitted beam is recorded like a translation function of the position parameter. The transmitted intensity is

given by, Beer-Lambert's law given by the following expression [Kharfi, 2013], [Treimer, 2009]:

I(x,y)=1, exr{— Ju(x,y)dS] (1.9.1a)
path
One can define a so-called projection P, () :
I
P,(t)= IH(T"J = Iy(x,y)- ds (1.9.2b)
path
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The set of all projections P, (¢)of ,(x, y)is called the Radon transform of (x, ) . From these projections, a

2D image can be reconstructed using the “Fourier slice theorem”.

ZA ZA
0
'.5-; In(I/1y)
t t
Figure 1.9.1 The geometry of a studied object scanning in the {x, y, z} coordinates system. A layer in the

plane (x, y) is scanned along the angle 0 and the transmitted intensity is stored in a system (t, s) of rotational

coordinates [Smith, 2003], [Treimer, 2009].
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Chapter 2 Neutron detectors

Neutrons are fundamental particles, which have a mass m,, but they are free of charge. Neutrons are not able
to ionize the detector and therefore they cannot be directly detected. Neutron detectors are based on
secondary processes in which secondary charged particles are produced. These particles then could be
directly detected and show the presence of the neutron in the detectors. In this chapter, we give an overview
of the neutron reactions with the °Li and "Gd elements that are widely used for neutron detection. Detector
characteristics like detector spatial resolution, efficiency, linearity, layer thickness, intrinsic noise/pixel,
noise contributions, reproducibility, neutron sensitivity, low gamma sensitivity, background are analysed in

detailed.

2.1 Neutron Detectors Types

Neutrons are electrically neutral particles. Because they interact only by the hadronic interaction
with matter, neutron radiation is extremely penetrating into material thickness. For detection neutrons have
to be converted into charged particles by nuclear reactions. For detection neutrons have to be converted into
charged particles by nuclear reactions [Smith, 2002], [Sears, 1992]:

1) Reactions that have cross sections that decreases as the square root of the neutron energy.

SLi+n—’H (2.75 MeV + *He (2.05 MeV)

ii) Reactions that are (n,y) resonances in which y-ray emission is inhibited and energy is
transferred to the orbital electrons.

13564 + 1y —s 196G a*
—"Gd + (y + conversion e’s; 7.9 MeV)
Main electron energies are 39 and 81 KeV

15764 + 1y — 198G a*
—8Gd + (y + conversion e’s; 8.5 MeV)

Main electron energies are 29, 71, 78 and 131 KeV

The created particles produce common signals in radiation detectors and this principle is used in the °Li
scintillator screen in combination with a CCD camera and Imaging Plate Neutron Detector (IP-ND). These
two are major detector systems used in neutron radiography (NR) and neutron tomography (NT) at ATI.

In a low-power reactor the signal-to-noise ratio becomes a major factor for neutron imaging [Zawisky,
Dyrnjaja, 2008]. The distance between the radial tube of the NT station and the reactor core is only 3 m;
therefore a 40 pm thick bismuth filter is placed at the collimator entrance for gamma reduction. The neutron

beam has a 9 cm diameter and is well thermalized by a graphite wall of the thermal column of the TRIGA
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reactor. The detector selection is determined by the beam intensity and the intended application. The

following items have to be taken into account:

e High detection efficiency, low background noise, as well as high signal-to-noise ratio;
e Good linearity and reproducibility for tomographic investigations;

e High dynamic range to achieve sufficient image gradation and sensitivity;

e High spatial resolution;

e The detectors should be commercially available at reasonable cost.

It is clear that one detector alone cannot fulfill all these requirements. Previous studies by the ISNR
(International Society for Neutron Radiology) community [Lehmann, Vontobel, 2004], [Schillinger, 2006],
[Pleinert, 1997] have shown that scintillation detectors coupled with a slow-scan CCD system represent the
best choice for tomography due to superior linearity, reproducibility, and weak gamma sensitivity.
Integrating image intensifiers are preferably utilized for fast and periodic processes, which are, however, not
typical applications for a low intensity beamline.

Our first 400 um scintillator plate did not provide sufficient spatial resolution; therefore, we installed a 100
mm thin plate scintillator, which is now commercially available at a reasonable price [Zawisky, Dyrnjaja,
2008]. Our second detector, the ND&M camera is also commercially available. It is a scintillation detector
coupled to a micro-channel plate with 50 pm resolution, high efficiency and extremely low intrinsic noise.
The ND&M camera was originally used for beam alignment and tomography with monochromatic neutron
beams at ILL in Grenoble [Dubus, 2005]. Its application in neutron imaging is restricted to weak beams with
small cross-section and small objects

The third detector is intended to replace our Gd converter films. We have chosen neutron imaging plates
Imaging plate Neutron Detector with a nominal scanning resolution of 25 um. With this ensemble of
digitized detectors we have recently started a routine operation with the upgraded instrument [Zawisky,

Dyrnjaja, 2008].

2.2 Characterization of the Detectors

All three detectors are suitable for high resolution imaging beyond the resolution of 340 um with the
old scintillator [Koerner, 2001], [Williams, 2012]. The spatial resolution is primarily limited by the
collimation ratio L/D = 130, i.e., the ratio of the collimator length L = 2600 mm and the aperture D = 20 mm.
To achieve better resolution it is necessary to minimize the sample-to-detector distance Ls.p and thereby the

geometric unsharpness U,:

U, = LSD(DJ 2.2.1)
£ L
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The second, blurring effect is the intrinsic unsharpness in the sensitive layer. A thin layer narrows the spread
of secondary radiation in the converter, thereby reducing the detector blurring at the cost of detection
efficiency. To compare the spatial resolutions a sharp edge fabricated of a 25 um thick gadolinium foil with
5.1% neutron transmission was placed directly on the scintillator or the imaging plate. The measured edge
spread function (ESF) and its derivative, the line spread function (LSF), can be approximated by a
Lorentzian model if image blurring predominantly emerges in the converter [Harms, 1972].

The ESF parameters p;—p; and A are fitted to the measured edge profile with the resolution parameter A

as a result:

Edge spread function: ESF(x)= p, + p, -arctanx(A(x — p;)) (2.2.1a)

Line spread function: 75 (x) = 4 ESF(x) (2.2.1b)
dx

Resolution:  FwrM (x) = 2 (2.2.1¢)

A
In the following sections we compare the full-width at half-maximum FWHM resolutions, the absorption
probabilities in the neutron sensitive layers, and the inhomogeneities in the beam profiles.
Table 2.1 gives an overview of some key detector characteristics for NR/NT applications.
The neutron-to-gamma ratio was determined by comparing the intensities with open and closed boron beam
shutter. The intrinsic noise was measured several hours after reactor shutdown with beam and camera

shutters closed.

sensitive area layer thickness spatial resolution . intrinsic
detector 5 n/y ratio o
(cm?) (um) (um) noise/pixel
SLi thin-plate 10x 15 100 150 500 300+(0.4/s)
‘Li —- ND&M 5 400 50 40 3x107/s
GdIP-ND 20x 25 135 40 50 4x107/s
Table 2.1 An overview of some key detector characteristics of Neutron Radiography NR and Neutron

Tomography applications NT [Zawisky, Dyrnjaja, 2008].

2.3 Neutron Detection with °Li-Scintillator

NR detectors are generally plane integrating position-sensitive imaging devices containing material
with a high neutron cross-section functioning as neutron converter and a recorder, which has the task of
collecting the signal emitted by the converter during exposure. After the measurement the detector signal is

read out and maybe digitized. In the context of the neutron radiographic measurement the output of the
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detector will be called the detector signal or radiography image, whereas the terms signal and image are
considered equivalent.

Typical NR-detectors are:

e X-ray film/converter plate assemblies
e track-etch films

e imaging plates

e scintillator/camera

e morphous silicon (a-Si) or flat panel detectors

CCD-camera/scintillator systems of a NR detector consists of a neutron sensitive scintillator screen which
has the task of converting the neutrons in photons, and a camera, which is the recording device for the light
emitted by the scintillator. The camera produces a digitized image as illustrated in figure 2.3.1. Typical

scintillator materials are ZnS(Ag)-°LiF or ZnS(Cu)-°LiF.

I Gray level
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Figure 2.3.1 llustration of image digitization'.

Cooling can enhance the performance of a CCD-camera, which can be done with liquid nitrogen
(approximately between -120°C and -130°C). The cooling reduces the dark current and therefore enhances
the signal to noise ratio. Especially for applications requiring longer exposure times (several minutes), the
optimal temperature of the CCD-chip is in the range -130°C, which can be achieved only with liquid
nitrogen cooling. To avoid radiation damage of the semiconductor material of the CCD-chip the camera has

to be placed outside of the direct neutron beam. Therefore the light emitted by the scintillator is reflected to

"http://www.ati.ac.at/~neutropt/experiments/Radiography/radiography.html
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the camera by one or several mirrors. CCD cameras with Peltier cooling are widely used in radiography
techniques as well.

Advantages of these detectors are: An excellent linearity, high sensitivity, easy handling (readout of
information and digitization do not cause additional working steps), good reproducibility (for the use of a
cooled CCD-camera) and the possibility of real-time measurements (for the use of an adequate camera with
high repetition rate and sensitivity). Disadvantages are the high costs of the detector system and the lower
spatial resolution compared to film and image plate detectors. The spatial resolution of the CCD-camera
depends on the chosen chip size to image size ratio and scintillator thickness. Components of the detector of

the ATI at the Station II:
o Nitrogen cooled slow scan CCD-camera

Chip: SITE SIS02A/T 512 x 512 pixels, 24 x 24 um’ pixel size,

Quantum efficiency QE: up to 90 %.
. 16 bit digitalization <> 65535 gray-level

Lenses: Nikon NOKT 58 mm F 1,2

Nikon NOKT 180 mm F 2,8
° Scintillator
Levy Hill: ZnS(Ag)-°LiF

o Mirror: 2 mm thick glass plate coated with Al and TiO,
° Al-Box, light tight
Area of the object projected on one pixel:
58mm Lens F1,2:410x 410 um?
180 mm Lens F 2.8 : 80 x 80 pm’
Image size:
58mmF 1,2:21x21 cm’
180 mm F 2,8 : 4 x 4 cm’

Actually the NR-station II possesses a 100 um thin-plate scintillator and an old scintillator plate with 400 pm
thick layers. The old 400 um scintillator did not provide sufficient spatial resolution; therefore we installed a
100 um thin plate scintillator which is available at relatively low price. To compare these scintillators, the
layers (400 pm and 100 pm thick) were exposed at a low neutron beam flux of 1.3 x 10° n/cm’s and the

transmission through these layers was measured. From the acquired transmission T the effective detector

efficiency &y (absorption probability) was estimated by: €5~ I-T.
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The overall detection efficiency depends on the °Li-density, scintillator thickness, composition of the
activators (ZnS, Ag) [Litvin, 2009], self-absorption of the generated photons in the scintillator, optical lens,
and, finally, the photon detection efficiency in the CCD-camera [Eijk, 2003], [Barmakov, 2002].

Experimentally, we have compared the neutron transmissions through the old 400 pm scintillator plate, T =

68.7% (absorption probability € = 31%), and the new 100 pm scintillator, T = 86.8% (absorption

probability €= 13%) (see figure 2.3.2). Thus, the detection efficiency of the 100 pm scintillator is lower by

at least a factor of two, and the exposure time increases by that factor to achieve similar image gradation.
The weight percent of the °LiF of our scintillators is 30% of total weight and the °Li isotope content of the
LiF is more than 90%.

From transmission data, we could calculate the °Li density for both thicknesses knowing the total absorption
cross section of the °Li isotope for the thermal neutron region:

PLi-100um = 0.150 g/cm’ and PLi-400um = 0.102 g/cm’, where the total absorption cross section of the °Li isotope

for thermal neutrons is given by:

A
0,,¢ =940——Dbarns (2.3a)
1.8
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Figure 2.3.2 The absorption of the °Li isotope for two different thicknesses. The energy data are extracted

from ENDF-VI library using MCNPX 2.4.0 version software [Zawisky, Dyrnjaja, 2008].

The spatial resolution predicted by the manufacturer is 170 um for the 100 um scintillator and 340 um for
the 400 um scintillator. We obtained the best resolution of 150 um for the new scintillator layer (100 um),
quite well in agreement with the manufacturer’s data.
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The sensitive area of the 100 pm layer is 10 x 15 cm? coated on a 1.5 pm thick plate of pure aluminum.
From the data sheet provided by the company the relative light output is peaked at 100 pm. An alternatively
available 50 um scintillator would be inefficient for weak beam intensities. The spatial resolution predicted
by the manufacturer is 170 um for the 100 um scintillator and 340 um for the 400 um scintillator. With our
standard lens, f = 105 um (Nikon /1.8, Nikon), we are limited by the optical resolution of 200 x 200 pm’
(CCD pixel size 24 x 24 pm®). Therefore, we have repeated the ESF measurement with larger focal length (f
= 180 mm, /2.8) and 80 x 80 um® optical resolution (see figure 2.3.3). We obtained as best resolution 150

pum for the 100 pm plate, well in agreement with the manufacturer’s specification.
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30000 ——ESF - Fitted 1 Y Measasemant
—— ESF - Fitted
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Figure 2.3.3 Edge Spread Function ESF measurements with different lenses. The pixel size denotes the

optical resolution of the lenses; Left: f = 10 mm, Right: f = 180 mm. The fit yields 2 = 1.1(1) and 145 = 13 um

resolution in the right plot.

Figure 2.3.4 reveals different open beam inhomogeneities in the two °Li layers. As a measure for such
intensity variations, the standard deviation ¢ of the illuminated pixels are computed for the whole beam, and

intensity profiles are plotted for the central region within the line markers. Given a uniform beam profile and

SLi distribution, ¢ approaches the square root of the average pixel intensity (o ~ /N ). In reality, this

average

ideal limit is not reached, and therefore the resulting inhomogeneities have to be eliminated by pixel-wise

open beam correction [Zawisky, Dyrnjaja, 2008]:

The scintillator-CCD unit has several noise contributions: gammas absorbed in the scintillator, white spots
caused by bad (‘“‘hot’’) pixels whose position remains unchanged, dark current and readout noise.
Surprisingly, we see very little difference in the dark images with the reactor on/off; only a few multipixel
events occur due to gamma or neutron tracks. This shows that direct interactions of gammas and neutrons
hitting the CCD chip are negligible at the detector site. Cooling the CCD chip down to -130°C with liquid
nitrogen minimizes the dark current; it increases linearly with time if a constant readout offset is added
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(figure 2.3.5, left). In transmission experiments the transmission T is calculated by applying 2.3b formula

given below:

sample ~ N background

N,

open N background

Transmission T = (2.3b)

The readout noise depends on the readout speed of the CCD chip, where the best signal-to-noise ratio is
obtained at the lowest speed. The gamma sensitivity is derived by, comparing beam intensities with open and

closed boron beam shutter, which is transparent to gamma rays (figure 2.3.5, right).

Open beam profile 400 pum scintillator Open beam profile 100 pm scintillator
50000 50000
40000 40000
30000 30000
20000 20000
10000 10000
0 0
1 151 o1 451 1 151 301 451
Pixels (200 pum) Pixels (200 pm)
Figure 2.3.4 Inhomogeneoities in the open beam profile. Left: 400 um scintillator, overall intensity

variance, o =13x /N average MAXImum intensity difference in the area between the two marked lines

(Nas-Nuin)/Naverage=17%. Right: 100 pum scintillator, c =11x .| N maximum intensity difference 22%

average ’

[Zawisky, Dyrnjaja, 2008].
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Figure 2.3.5 Comparison of the dark noise. Left: camera-shutter close and gamma noise. Right: beam

shutter closed. The dominating dark noise increases with: Npy = 293 + 0.4 x time (s) and the gamma background

With NGamma = 0.23 x time (s) [Zawisky, Dyrnjaja, 2008].

2.4  Imaging Plate Neutron Detector (IP-ND)

Imaging Plates IP are intensively used as neutrons detector, and described as “ii” type of reaction
group given above (see section 2.1, chapter 2), where neutron converters like natural Gd,O; are mixed with

photo stimulated luminescence materials (BaFBr:Eu).

The images created by irradiation of the IP are usually read out by measuring the Eu luminescence at a
wavelength of 633 nm from 390 nm He-Ne laser scanner.

In the first step of the neutron detection process, neutrons irradiate the gadolinium converter particles that are
uniformly dispersed in the (BaFBr:Eu) layer. The gadolinium converter particles emit secondary radiation
that excites the (BaFBr:Eu) to a metastable state, where electrons are trapped. In the second step, red light
from a He-Ne laser (633 nm) is irradiated on the surface of the photo stimulable phosphor layer of the BAS-
ND imaging plate and trapped electrons are further excited. These electrons cause luminescence of blue
light. The blue light is detected in a photomultiplier tube (PMT) within a BAS-5000 scanner to produce the
two-dimensional digitized images on a computer display. Since 2007 the Atominstitut possess an [P-ND with
25 pum scanning resolution with 135 um "Gd,0; thick layer. Figure 2.4.1 shows the neutron imaging plate
used during the irradiations with thermal neutrons. Figure 2.4.2 shows the BAS-5000 scanner and the eraser

set-up at NR station II. The detection principles are presented in figure 2.4.3.

A key advantage of image plates is their mechanical flexibility, among other advantages, such as:
e no accumulation of intrinsic dark signals during the exposure
e no limitation in the count or dose rate
e  ahigh dynamic range
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e  high efficiency
e  high resolution

e no limitation of the detection area

Figure 2.4.1 The 25 x 20 cm’ imaging plate inserting in the BAS-5000 scanner.

Figure 2.4.2 The BAS-5000 scanner and the eraser device at NR-1I station at Atominstitut.
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Figure 2.4.3 Left: Principle of reading the radiation image from the imaging plate. Right: Process of
recording, reading, erasing and reusing the radiation image by the Imaging Plate method [Fuji, 2010].

2.5  Transmission Experiments with IP-ND

The neutron absorption of the IP is controlled by the absorption coefficient of the neutron converter,
which in this case is ""*'Gd,0; with the natural abundance of the isotopes '*>Gd (14.8%) and '*'Gd (15.7%).
The IP detector is sensitive to y-ray. The absorption cross-section of Gd (n, y), (61.100 barns in thermal
region, A=1.8 A) and a phosphor layer thickness of 135 pm is sufficient to absorb 80% of the neutrons. The
measured transmission value for a 135 pm Gadolinium photostimulable layer (density of 0.124 g/cm’) plus
370 um polymer support is: Tgg-135um = 0.19%, which indicates a high detection efficiency of (absorption
probability) = 80% (figure 2.5.1).

Another advantage of the Image Plate-Neutron Detector IP-ND is the wide range linearity. Figure 2.5.2

shows the relation between the photostimulated photons (PSL) linearity and neutron capture efficiency.
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Figure 2.5.1 The energy dependence of the °Li and Gd detector layers for different mixture and
thicknesses. The energy data are extracted from ENDF library using MCNPX 2.4.0 version software. Selecting a
typical reactor spectrum from ENDF library, the MCNPX simulation yields an absorption probability of 80% of
the Gd-layer, and 13% of the °Li-layer. These values have been confirmed in our transmission experiments

[Zawisky, Dyrnjaja, 2008].
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Figure 2.5.2 Linearity between PSL intensity and neutron capture efficiency [Karasawa, 1998].
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2.6  Neutron Irradiation Experiments with IP-ND; Linearity and Reproducibility

A disadvantage of the IP-ND is high gamma sensitivity due to the heavy elements on the plate
[Massalovich, 2002]. The neutron-gamma ratio was determined by comparing the intensities of the images of
open beam with closed shutter. A neutron-to-gamma ratio of 50 was derived. The IP-ND linearity was
confirmed between 1 and 60 min exposure time (figure 2.6.1). For IP-ND the dynamic range of neutron
detection depends on the storage capacity of the storage phosphor and the intrinsic background of the
detector, which is negligible in the case of optimized IP detectors compared to the natural background
radiation.

After erasing the IP-ND image, the intrinsic noise is only 0.3 counts per 25 x 25 um’. The intrinsic noise
increases from 0.3 to 11 per pixel after three days deposition in light-tight box outside the reactor building.
Another disadvantage of this kind of detectors is the bad reproducibility. The neutron irradiation experiments
have been carried out Neutron Radiography Station NR II at the 250 kW TRIGA reactor at ATI, where a
thermalized neutron beam is available. The IP-ND was placed 30 cm from neutron source beam collimator,
which has a diameter of 9 cm. To estimate the statistical fluctuation of PSL counts and the stability the IP-
ND is exposed to open beam for 10 min, then 10 min waiting after exposure (cooling time) followed by 10
min scanning time (25 um pixel size). The manufacturer recommended this procedure.

For the first set of IP-ND measurements, the reproducibility of open beam intensities, repeated under
identical experimental conditions and read-out parameters, was not as what we expected. The PSL counts at
10 min exposure at 10 min exposure time varied between 7000 and 11000, far beyond the 3 % of statistical
fluctuations [Zawisky, Dyrnjaja, 2008]. According to our supplier recommendations we decided to wait
something like 10 min after exposure time before scanning in order to stabilize the latent image. We decided
to wait 10 min before we scan all images and the reproducibility is improved according to the figure given
above. We have chosen a 10 min waiting interval for all subsequent IP-ND scans and the reproducibility has

improved like is shown in figure 2.6.2).
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21 x time (min) [Zawisky, Dyrnjaja, 2008].
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The reproducibility of the IP-ND intensities by repeating always the identical

measurements procedure: 10 min exposure time— waiting time—scanning— 30 min erasing time. Left: 3-4 min

waiting interval, Mean = 10050 * 1150. Right: 10 minutes waiting interval, Mean = 10700 * 650 [Zawisky,

Dyrnjaja, 2008].

As scanning parameters with the best signal-to-noise ratio at 25 um resolution we choose the highest

gradation (16 bit) and sensitivity S4000 at level L5. The scanned images are stored as Fuji-image file format

and then further processed with Image-Pro Plus 6 (MediaCybernetics); the logarithm of the detected PSL

signals is converted to unsigned 16 bit data yielding a full image size of 160 Mb. After erasing the IP the

intrinsic noise is only 0.3 counts per 25 x 25 um®. The intrinsic noise increases from 0.3 to 11 per pixel after

three days depositing in a light-tight box outside the reactor building. The open beam image confirms, except

for a few scratches in the layer a uniform Gd distribution (figure 2.6.3). Unfortunately a microscopic pattern
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of dark spots 150-200 pum in size appears in the image, yielding 25% reduced PSL intensity. A similar
pattern was found when scanning the NIP with 50 and 100 mm resolution, and also on the X-ray sensitive
SR imaging plate. Such microstructural artifacts enhance the intensity variance in detector pixels and impede
the investigation of inhomogeneities in materials [Zawisky, Dyrnjaja, 2008]. In figure 2.6.3 we also
recognize disturbing horizontal line structures from the scanning process, which can be removed by a low-
pass filter.

The Gd-edge directly attached onto the IP-ND yields 60 um resolution horizontally and 40 um vertically see
figure 2.6.4.

Table 2 gives an overview of detector performances for Neutron Radiography (NR) applications [Lima,

2007], [Hameed, 2008].

O

100 Pixels = 2.5 mm

Figure 2.6.3 Open beam intensity variations and NIP artefacts. (A) Intensity variance in the open beam

oc=12x./N , maximum intensity variation 17%. (B) Random pattern of dark spots (150-200 um) with
average l)}

reduced PSL intensity (unprocessed). (C) Same artefacts contrast enhanced [Zawisky, Dyrnjaja, 2008].
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Figure 2.6.4 ESF-resolutions with the NIP; the ticks in the neutron images mark the positions of the edge

profiles. The fits yield A =0.8(2) = 60+15um horizontal and vertical resolution A =1.25(20) = 40+ 7 um

[Zawisky, Dyrnjaja, 2008].

Thin plate scintillators IP- ND detector

High efficiency,
Reproducibility
Advantages High resolution;
Low gamma sensitivity
Homogeneous profile;
Lower efficiency, Poor position reproducibility;
Medium resolution; Micro- artefacts;
Disadvantages
Inhomogeneous beam Higher sensitivity to gammas and
profile; scattered radiations,
Table 2 Detectors performances and applications fields at NR I station near ATI in Vienna.

2.7 ND&M Neutron Camera

The ND&M is a compact neutron detector, which consists of a hand monitor and a readout unit.
Gadolinium converter film detectors, despite their superior spatial resolution of up to 20 um, have been

widely replaced by digitized scintillator and imaging plate detectors [Feigl, 1968], [Bruckner, 1968]. The
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hand monitor contains the °LiF-ZnS(Ag) scintillator coupled to a micro-channel plate image amplifier with
25 um opening, the output of which is projected to a phosphor screen (see figure 2.7.1). The hand monitor
can be used as a stand-alone device for beam alignment. For quantitative imaging it is attached to a readout
unit, which consists of a mirror, a high speed lens, and a low noise CCD camera with 512 x 512 pixels and
11 x 11 pum? resolution. The readout unit is connected to the ND&M real time centroiding processor in the
host PC. Special features of this detector are single neutron counting and a high optical resolution of 50 pum,
realized by an electronic centroiding procedure of the light spots on the screen. Single neutron counting is
accomplished by the high readout rate of the CCD frames, thereby avoiding an overlap of the light spots on
the single digitized image; frames with overlapping spots are discarded. Each digitized video frame runs
through a two-dimensional convolver where the frames are correlated with idealized mode

A demonstration of the efficient electronic noise suppression and the homogenous intensity profile in the
central beam area is shown in figure 2.7.2. From ESF data we fitted 50 um horizontal and 80 pm vertical
resolutions (see figure 2.7.3). The neutron-to-gamma sensitivity is 40. A severe limitation for neutron
imaging is the maximum acceptable count rate of approx. 3000 n/s in the whole detector field to avoid
overlapping light spots on the phosphor screen. This limit counteracts the high efficiency of approximately
40%, because the beam has to be attenuated by a factor of 100 to be applicable at this beam line. But due to
its effective noise suppression and high efficiency the ND&M camera is suitable for NR/NT applications
with weak beams of 10*-10" n/s.

to PC
Handmonitor : r[_” E:ai?d out
R N\ =\
:}]m \ﬂm‘ ¥ CCD
¥ L1
Light
| -,
{}m: 3 /N 1
neutrons —; _H /
3 Uj /M'
25 mm MCP lggely
Scintillatar
Phosphor screen
Figure 2.7.1 Outline of the ND&M micro-channel scintillation detector [Zawisky, Dyrnjaja, 2008].
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Figure 2.7.2 The ND&M open beam analysis yields a rather homogeneous profile with intensity variance:

o=12x,/N_.. I he measured intrinsic noise was 8200 counts in 28 hours on the whole sensitive area after

reactor shut-down [Zawisky, Dyrnjaja, 2008].
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Figure 2.7.3 ESF resolution with the ND&M camera. The fits yield FWHM resolutions of 50 = 15 mm

horizontally and 80 = 15 mm vertically [Zawisky, Dyrnjaja, 2008].

Finally, we have compared the Gd-edge resolution with a recently developed gadolinium test mask
consisting of a Siemens star, with spoke periods from 500 to 40 um, and a square grid with line widths of

150, 100, and 50 um [Griinzweig, 2007]. The 50 um grid lines are easily resolved in figure 2.7.4 A, whereas
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the resolution of periodic spoke structures lies between the two innermost concentric radial markers of 100
and 50 um. Here again the intrinsic granularity affects the detection of line pairs and periodic structures

(figures. 2.7.4 B, C).

R
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/}
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7

Figure 2.7.4 Imaging of the PSI Gd test mask with the NIP. (A) The fine grid lines with 50 um line width
are clearly visible in the square. (B) Siemens star with radial markers at 500,400, 300, 200, 100, and 50 um line
pair resolution. (C) The visibility of the periodic spokes becomes blurred between 100 and 50 um resolution
[Zawisky, Dyrnjaja, 2008].

2.8  Summary

Each of our detectors has specific advantages and preferential applications fields. The 100 pm
scintillator is more preferably to be used for tomography and radiography for different materials due to low
gamma sensitivity, stable position and good reproducibility. The imaging plate neutron detector offers a very
high resolution, detection efficiency and image gradation among other detectors.

Specific features and applications fields or our digitized detectors are summarized in the table below. The
100 pm scintillator offers high positions and intensity reproducibility which allows either sequential imaging
in dynamic neutron radiography and tomography or to increase statistically accuracy and sensitivity by
repeated measurements. The spatial resolutions cannot compete with imaging plates but in many cases, e.g.
thick and scattering samples, this disadvantage is of no practical consequence. Imaging plates offers best
resolution and higher efficiency but our set-up does not allow repetitive imaging. Granular artefacts in the
plates are very disturbing in the inspection of material in-homogeneities.

We have shown that high spatial resolution down to the 50 um regime is practicable with weak intensities of
approximately 10° n/cm” s. With the new detectors we have reached the limits of spatial resolution and image
gradation at this beamline; a further enhancement of optical resolution would entail unrealistic exposure
times and degrade the signal-to-noise ratio. Considering the constraints imposed by the collimation ratio and
scattering artifacts, a 50 um resolution can only be exploited with thin and weakly scattering samples

mounted directly on the detection plate.
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Chapter 3 Investigation of Boron Steel and Monte Carlo Method

The neutron Transmission imaging experiment is a method based on the interaction of neutron beam with a
material thickness. Therefore, this method allows us to have information about internal structure of the given
material. The neutron interaction beam is attenuated passing through the thickness plate sample, interacting
with nuclide volume. With neutron transmission experiment we have investigated boron steel sample, which
often are used in nuclear shielding. The neutron beam is mostly absorbed in the sample thickness due to the
presence of the '°B element which has a high absorption cross section. The results, which, are presented are

based on direct transmission experiment and analysis to transmission imaging.

3.1 MCNPX —Boron Micro in-homogeneities

MCNPX is a general purpose Monte Carlo transport code that tracks all particles and photons at all
energies, that includes 3-D geometry, continuous-energy transport for neutrons in the energy interval 107"
MeV to 150 MeV, 1 KeV to 100 GeV for photons and 1 KeV to 1 GeV for electrons; transport of 34 different
particles. Applications of the code are quite broad and constantly developing. Include the design and
shielding of accelerators and reactors, medical therapies, dosimeter, imaging, space radiation, plasma
transport, nuclear physics, detector design. Monte Carlo methods are very different from deterministic

transport methods. Deterministic methods solve the transport equation for the average particle behaviour.

Monte Carlo does not solve an explicit equation, but rather obtains answers by simulating individual
particle/photons and recording some aspects of their average behaviour. No transport equation needs ever be
written to solve a transport problem by the Monte Carlo method. Monte Carlo solves a transport problem by

simulating particle histories rather by solving an equation.

The probability distributions governing these events are statistically sampled to describe the total
phenomenon. The statistical sampling process is based on the selection of random numbers — analogous to
throwing a dice in gambling casino- hence has the name Monte Carlo.

Referring to [MCNPX, 2004] the Monte Carlo method consists of following each of particles or photons
from the source throughout its life to “death”.

Probability distributions are randomly sampled using transport data to determine the outcome at each step of
its life. MCNPX uses continuous energy nuclear and atomic data libraries. The primary sources of nuclear
data are evaluations from the Evaluated Nuclear Data File (ENDF), Evaluated Nuclear Data Library (ENDL)
and the Activation Library (ACTL) [MCNPX, 2004].
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3.1.1 Physics

The physics of neutrons and other particles is the very essence of MCNPX. When a particle is
generated from the source, a particle track is created. If the track is split in two out of splitting surface, a
second track is created and there are now two tracks from the original source particle. If one of the tracks has
(n, 2n) reaction, one more track is started for a total of three. A track refers to each component of a source
particle during its history. Tracks crossing surfaces are used to calculate fluence, flux and pulse-height
energy deposition. Within a given cell of fixed composition, the method of sampling a collision along the
track is determined using the following theory:

The probability p(I) of a first collision for a particle between / and /+d/ along its line is given by [MCNPX,
2004]:

p(l)dl = e>'s dl 3.1.1

where Zt the macroscopic total is cross section of the medium and is interpreted as the probability per unit

length of a collision. Setting & the random number on [0,1) to be:

E=l-e* 3.12

it follows that: /= —Ziln(l -&) 3.13

t
because 1- & is distributed in the same manner as &, 1- & may be replaced by &, we obtain the well-

known expression for the distance to collision:

1
/=-—1In 3.1.4
5 (5)

If there are n different nuclides forming the material in which the collision occurred, and if & is a random

number on the unit interval [0,1], then the k" 1s chosen as the collision nuclide, if:
k-1 n k
D3, <EYE <E, 3.1.5
i=I i=I i=l

where X ¢+, 1s the macroscopic total cross section of nuclide i.

3.1.2 Neutron Physics in MCNPX

MCNPX uses interaction tables when simulating neutrons. The data on the interaction include cross
sections and other relevant information, like the total absorption cross-section and the angular distributions

of scattered neutrons. The nuclear data tables for neutrons are divided into five classes, continuous-energy
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neutron interaction data, discrete reaction neutron interaction data, neutron dosimetry cross section data,
neutron thermal data and multi-group neutron data. When MCNPX runs, the particle tracks are computed

event by event. If a particle collides with a nucleus, a standard sequence always occurs, which in the case is

as follows:

1. MCNPX identifies the collision nuclide by considering the total cross section, o7.

2. Neutron capture is modelled with consideration of the absorption cross section, a,.

3. If thermal treatment is not used, either elastic scattering or inelastic reaction including is selected,

and the new energy and direction of the outgoing tracks are determined.
4. If the energy of the neutron is low enough and an appropriate thermal table is present, the collision is

modelled by the thermal treatment instead following step 3.

The selection of elastic scattering is based on the probability: 4=

Whereas the probability for inelastic scattering is:

where o, is the elastic scattering cross section, 0O, is the inelastic cross section, o, is the absorption

cross section and o is the total cross section: o,=0,+0,+t0,

The directions of excited and emitted particles are determined by sampling angular distribution tables from
the cross section files. The direction of the particles, when elastic scattering appears, is sampled from angular
distribution tables and the excited energy is determined by two-body kinematics. There are many types of
inelastic scattering reactions. The energy of the excited particles is determined from scatterings laws that are
sampled independently from cross section files for each excited particles as referred to MCNPX code

collection, 2.4.0 version [MCNPX, 2004]:

3.2 Neutron Source Simulation

The ATI in Vienna operates a TRIGA-II 250 kW thermal research reactor. It is a swimming pool
type and the reactor core consists of some 80 fuel elements, which are arranged in an annular lattice. There
are four neutron beam holes and two thermal columns, which are used to extract a thermal neutron spectrum.
The space between reactor core and the hall is filled with graphite to slow down the neutrons. At the NT II
station neutrons are collimated inside the collimator. The collimator consists of a concentric cone at a length
of 130 cm, followed by a 130 cm long cylindrical section. The neutron beam at the end of the cylinder has a

diameter of 9 cm and the neutron flux density is approximately 3 x 10° n/(cm?s). The cone and cylinder (see
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figures 1.3.1 and 1.3.2, chapter 1) are shielded outside by borated polyethylene material. The neutron source
with a certain energy and direction is simulated using the SDEF card [Stummer, 2005], [Wallin, 2005],
[Shultis, 2006]; the neutrons can be scattered or absorbed in the sample (in this case in boron steel alloy
plates) and finally are detected in the detector. As we mentioned before the neutron energy spectrum at the
thermal column at NR station II is well described by a Maxwellian distribution function. The Maxwell
spectrum is directly used as an input file parameter, at given energies (or temperatures), in this case: 2.93-10
° MeV, 1.31:10° MeV, 2.53-10® MeV, 4.45-10°° MeV, which corresponds to 5.244, 2.5, 1.8, 1.38 A neutron
wavelength respectively. The neutron source in simulation generates thermal neutrons which have the

6 _ 1

Maxwell distribution having the syntax: ffe) = csqrt(e)-exp(-e/a) where “c” is the normalization factor and
parameter “a” takes the energy values given above.

For each energy value as input parameter in simulations the calculated neutron flux is inserted in the diagram
in figure 3.2.1. (the probability distribution of source variable energy, the energy function is a Maxwell

(fission) spectrum, referring to source card, see Appendix A).
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Figure 3.2.1 Simulation of the neutron spectrum (using Maxwell distribution) at different energies (or

temperature). Data libraries were taken from ENDF-VI evaluated nuclear data file.

3.3  Geometry Description: Simulated Collimator

Monte Carlo simulations are suitable tool, for calculating neutron radiographs results. [Hassanein,

2005]. The particle transport is simulated with pseudo-random decisions about the origin of the neutrons and
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their interactions with matter, starting with the source of the neutrons and their interactions with the sample
and finally being counted in the simulated detector. Using MCNPX it is possible to simulate the whole
transmission experiment and to describe the boron distribution within a steel sample. During this thesis the
Monte-Carlo software version 2.4.0 has been used. With this version all ENDF libraries for the cross sections
for almost all isotopes are available. It is possible to reconstruct geometries, including micro-in-
homogeneities of the sample and it provides a variety of statistical evaluations. With the MCNPX software,
it is possible to reconstruct the geometry needed for the transmission experiment. The input geometry for the
simulation consists of the neutron source, collimator (concentric cones and cylinders) and the sample
positioned between collimator and the detector. Because of very high absorption at the walls of the
collimator and the sample itself, the relatively small number of neutrons led to very poor statistics. Therefore
the SSW and SSR cards were used [Stummer, 2005]. However, all neutrons are directed parallel to the z-axis
with a very low divergence (see collimator part, figure 3.3.1). From the collimator walls absorbed neutrons
were calculated with flagged tallies. The neutrons at the collimator exit are directed to the sample plate and
counted in the detector like illustrated in figure 3.3.2. To reduce the statistical error and to improve the
results due to loss of neutrons in the collimator walls and the sample the input file was modified by dividing
the sample plates into several plans and increasing the neutron importance in each cell by a factor of two (see
input file in appendix A). Of course the input geometry for the simulation is considerably simplified
compared to the existing facility (figure 3.3.2). It is assumed that the simplified geometry configuration of
the reactor doesn’t influence the results. All the graphs and geometry were plotted with X- Deep/32 program
(see appendix A).
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Figure 3.3.2
coming from the source, being collimated passing through the sample can be absorbed or scattered and finally are

detected in the detector.
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3.4  Detector Design in Simulations

Considering that the neutron beam is parallel to the z-axis the attenuated flux is given:

D=0, exp-,. dr ) (3.4.1)

sample

where: @, - the initial flux, @ - the attenuated flux, 2,y - the total attenuation coefficient of the sample and
d - sample thickness (see figure 3.4.1). In simulations the neutron flux simulated has the units: particles/cm’.
The detector system detects the neutron flux @(E), behind the sample which represents the measured
intensity for a given time interval, where E is the neutron energy [Hassanein, 2006].

All types of detectors for thermal neutrons have a thin neutron absorbing layer. This layer is energy
dependent on the macroscopic absorption cross-section 2y, (E). Thus the absorption of the detector layer is

given by:
Ay =1-exp(-Zy - dyy,) (34.2)

Where: dy,, - the detector layer thickness. The scattering effect in this case is ignored. Using the formula

3.4.1 the detected neutron flux behind the sample is:

D =D Ag dE (3.4.3)
@ det = i o’ eXp(—Z sample dsample ) ’ (1 - eXp( -2 det ddet ) (3.4.4)
> >
> >
> >
> >
D, D

dx

Figure 3.4.1 The initial flux D, passes through the sample and reacts with the nuclides of the sample with

thickness dx. @ value represents the attenuated flux.

The simulated neutron transmission for the °Li detector and IP-ND was calculated by using the F2 tally,
measuring the flux of the neutrons before and after the detector layer by taking the ratio to obtain the
absorption of the neutrons:
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Agértn — D — narrived - nabsorbed (345)
o n arrived

@, - the calculated neutron flux, which arrives at the detector without sample;

@ - the calculated flux at the detector with the sample between the neutron source and detector;
M,ivea are the number of neutrons which arrive at the detector;

Rapsorbea are the number of neutrons absorbed inside the detector volume.

In the simulated detector no physical processes are taken into account except for the total absorption of the
neutrons in the Gd or Li layer. Although MCNPX offers different tallies, usually the cell tallies F2 and F4
has been used to calculate the flux over the detector surface or volume. The detector surface is divided into

multi bins into a rectangular grid that corresponds to the detector pixels. Figure 3.4.2 shows the neutron

detector simulated with the MCNPX program.
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Figure 3.4.2 Geometry configuration of the simulated detector.

MCNPX allows using an energy dependent tally multiplier EMn. The absorption values are calculated for
"'Gd and °Li thick layer using Equation 3.4.2. The cross section data for "Gd and °Li were taken from the
Evaluated Nuclear Data Files (ENDF). This numerical data were directly used as a tally energy multiplier in
the input file during the simulations.

With F4 tally one can calculate the neutron flux over the cell detector volume, which is filled with Li
material. Another very accurate tally, which was used often in the simulations, was the FMn Tally Multiplier
Card together with the F4 tally.

During simulations, these two tallies calculate the neutron flux, which is absorbed inside the detector.
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It has a form like for the attenuator set: Attenuator set = C -1 m px
where C = multiplicative constant
-1 = flag indicating attenuator
m = material number identified in the Mm card

px = density times thickness of the attenuating material

Evaluated Nuclear Data Files ENDF for °Li isotope allows having the cross section data for neutron capture.

O abs PX

The F4 tally is modified by the factor, € - which, in reality is the attenuation factor px.
The density of Li, which is given in the input file, is in atomic density units: pgomic = 0.01504
atoms/(barns-cm); in the F4 tally particles/ cm” units are employed.

Thus FM4 has the form: FM4 — C -1 m9 exp (-0.01504:0.01 0tari).

Indeed the total absorption cross section of SLi isotope iS: OapsLi = 940 barns, atomic weight: 4 = 6.015,
density: pz; = 0.1504 g/em’ and d = 0.01 is scintillator thickness in cm. The detector macroscopic cross

section (detector layer) is calculated by the total microscopic absorption cross section: 2, =N-0,;,

PN,

where N is the number of nuclides per volume: N ZT; Na is Avogadro number. Finally m9 is the

material card for °Li isotope (used in the input file, see Appendix A).
Another syntax of this tally is: the Multiplier Set which has a form: C m type of reaction
For a °Li scintillator layer with 0.01 cm (100 pm) thickness the tally multiplier card has the form:

FM4 — (0.01504-0.01) m9 -2
m9 — 3006.60c

The syntax -2 means, that only absorption of neutrons is taken to the account and m9 is the material card for
°Lj isotope (used in the input file), where the absorption cross section data are taken and C is the attenuation
factor. A thin layer is assumed so that formula 3.4.2 is fully valid. Setting this multiplier as absorption
coefficients for neutrons yields an accurate model of the detector properties during the simulations. This is
shown in figures 3.4.3 and 3.4.4 where most of the neutron flux is distributed in the centre of the detector.
Figure 3.4.5 shows the decrease of neutron flux caused by the one sample plate (0.137 cm thick) measured in

the designed detector.
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Figure 3.4.3 The contour plot shows that the neutron flux has a maximum (vertical direction-red colour)
at the centre of the detector.
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Figure 3.4.4 The simulated neutron flux calculated, at the simulated detector where the detector itself'is a

simple array with pixel size 200 um, (the dimensions are given in the input file), which is covered by F4 tally.

62



0,50+

s Calculated flux at the detector without sample
é 0,454 e Calculated flux at detector with sample between
q__ -
5 0404
| -
= ]
® 0,351 -""*_-—-'\5___
] -"-. n
a=,
@ 0,30+
s .
© 0,251
g _
O 0,204 -
Z « o il
0 T eteng
0,1 5 L T 2 T 2 T K T ¥ T L T L T T 1
20 15 -10 -5 0 5 10 15 20
Detector horizontal profile (cm)
Figure 3.4.5 The change of the simulated neutron flux caused by the boron steel sample plate (in this case

thickness d = 0.137 cm).

3.5 Heterogeneous Structure Modelling of Boron in Steel Alloy

As a first step a homogeneous distribution of Boron in steel was assumed, but this assumption was
not in a good agreement with the transmission experiment. The enhanced transmission measured in
experiments could be related to considerable secondary effect namely material heterogeneity. We developed
an analytical model on the basis of the SEM (Scanning Electron Microscope) inspection, and USANS (Ultra-
Small-Angle Neutron Scattering) done at ATI, which are proposing an inhomogeneous boron distribution
inside the steel matrix at the range of 20 um (figure 3.7.1).

Simulations of homogenous model were done with a density of pp.geer = 7.695 g/crn3, filling the whole
volume of the sample plates. This work was based on the technique introduced by M. Bastiirk, [Bastiirk,
2003], [Bastiirk, Kardjilov 2005], [Bastiirk, Arztmann 2005] using the heterogeneous model used in MCNPX
simulations to describe the structure of boron-alloyed steel plates and did not find agreement with the
transmission results from the experiment.

The scope of this project was a comprehensive analysis of neutron transmission data for quality assurance,
thereby considering energy distribution, detector response, beam hardening, background, and finally, as a
new tool in the analysis, absorber inhomogeneities. Hypothetic macroscopic absorber homogeneity could be
directly verified by high-resolution neutron imaging, [Zawisky, 2004], [Zawisky, Bastiirk, 2003], [Bastiirk,
Kardjilov, 2005], [Bastiirk, Arztmann, 2005] and [Zawisky, Dyrnjaja, 2008, 2010], [Dyrnjaja, 2015]
however, micro-structures reveal themselves only in strong absorbing materials, i.e., transmission
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probabilities of 107 and below, which requires an efficient background shielding [Zawisky, Dyrnjaja, 2010],
[Dyrnjaja, 2015]. The main objective of this work was to investigate the effect of micro-inhomogeneities on
neutron transmission, in order to obtain additional information about the absorber distribution beyond the
detector resolution. The overall material composition was taken from the manufacturer; MCNPX combines
the cross section data for all isotopes to compose a certain material. (Note that during the simulations, free
gas approximation is used, the atoms are not combined to molecules, which change the scattering cross
section values). The first attempt in this work was to create a unit cell with two different densities which both
contain boron-steel (pp_seer), keeping the total weight percent of natural boron constant in the sample. After
several sequences of simulations for different sample thicknesses the results were not promising. In fact, our
model was approaching the homogeneous model because the density difference between steel (pger) and
steel containing boron is very small (pp.gee), in this case it is less than less 1%. According to the
manufacturer’s data, the density of pure 100% steel is: pgreer = 7.80 g/cm3 and of boron steel pp.gieer = 7.695
g/cm’. As boron is not homogeneously distributed inside the steel matrix, the sample was modelled by
geometric equations like is shown below in order to create a non-homogeneous material. Boron, and
especially the '°B isotope, is a strong neutron absorber used for neutron screens, advanced neutron converter
detectors [Zeitelhack, 2012], and in nuclear engineering as reactor shielding, fuel storage and transportation

baskets. Some related cross sections are listed in Table 3.5 [Dyrnjaja, 2015].

Total microscopic Total macroscopic

Density pgio
Boron material cross section ¢ cross section X
(g/cm’)
(em™) (em™)
Steel 1.16
Elemental boron 7.72-107
"B isotope 3.838-10%
Natural boron
alloyed steel 7.3 0.00377 g/em’
1.88 wt% boron
0.35 wt% "B
Borolene 15 0.023 g/em’
10.3 wt% boron
Table 3.5 The neutron cross-sections for steel, B-alloyed steel and borolene [Dyrnjaja, 2015].
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The realization of a uniform boron distribution is an important property for these applications in order to
homogenize and minimize neutron transmission.

Micro-heterogeneity can play a big role in the transmission through strong absorber materials. The best
agreement with experimental data and MCNPX simulations was found with the assumption of an

inhomogeneous composition like hexagonal lattice cell model, which is being described below.

3.5.1 Model 1

The first model used; Model 1-consists of a hexagonal lattice cell model where the hexagon has a
density of psseer= 7.80 g/cm3 and a sphere inside the hexagon which contains boron and steel with a density
of pp.seet = 7.695 g/em’. This model describes the heterogeneity at the range of 20 um. The material is a
build-up of hexagonal lattice cells. One hexagonal lattice cell is composed of two homogeneous sub-cells
where one these sub-cells are the hexagon, contains only steel (light grey region), while the sphere, inside the

hexagon, contains boron and steel (dark grey regions), as depicted in figure 3.5.1a, b & c.

Figure 3.5.1.a In model 1 it is assumed that boron is filling the spheres in the centre of the hexagon. Typical

simulation parameters radius of the sphere: R ~ 10 um, height of the hexagon: h ~ 20 um, side of the hexagon: a ~

10 um.
—
d—
Figure 3.5.1.b The two different materials cell fills the volume of the boron steel plate. The distribution of

boron powder, with a size 20 um, is concentrated at the centre of the hexagon, always keeping constant the total

weight percent of 1.88 wt % of natural boron in the sample.
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cut through yx plane cut through zx plane

Figure 3.5.1.c The modelled micro-heterogeneity of the material. The sample is modelled by geometric
equations and material composition, density for the different volumes. The dark colour shows the volume filled
with boron steel (neutron-absorbing material) while the rest of the hexagon is filled with steel only (light grey

colour).

3.5.2 Model 2

Model 2 is a slight modification of model 1 (figure 3.5.2). It contains a cube (with parameter “a”)
filled with boron-steel. The rest of the hexagon volume is filled with steel material only. Volume ratio:

Voly ou VOl 18 90 %. Material density of the cube is: pp e = 7.695 g/cm3 Again the density, which fills

the rest of the hexagon volume is: pye; = 7.80 g/cm3 .

Figure 3.5.2. The material inhomogeneity created by a cell in which the hexagon (contains steel only) is
filled with boron steel (inner cube). The dark colour shows the volume filled with boron steel (neutron-absorbing

material) while the rest of the hexagon is filled with steel only (light grey colour).

3.5.3 Model 3

Model 3 is composed of two coaxial cubes: the outer cube with the length parameter “A” and the

inner cube with parameter “a”. Model 3 was chosen to study the transition when, boron-free channels get
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closed by flattening the inner cube (see figures 3.5.3). The parameters used in the simulations of figure 3.5.3

are listed in Table 3.5.3.

A

Figure 3.5.3. Two coaxial cubes filling the volume of the sample plate. The dark colour shows the volume
filled with boron steel (neutron-absorbing material) and the rest of the hexagon is filled with steel only (light grey

colour).

Model Parameters
3 A (um) a (um) Volume Ratio %
21 20.37 91
21 20.28 90
21 20.18 88

Table 3.5.3 The parameters (used in the input file) for model 3[Dyrnjaja, 2015].

3.5.4 Model 4

Model 4 is another attempting to create another non-homogeneous model for this given material
where the micro-structure created from different geometric equations has no effect in neutron transmission
experiments (see section 3.12 Results and Comparisons Data).

Model 4 assumes two hexagons, where the cell size is in the range of 20 um. The cut through different
planes illustrate the micro homogeneity, which fills the volumes created by geometrical equations using
MCNPX. Figure 3.5.4 shows the simulated model 4, which has other geometrical equations to describe the

inhomogeneity of boron in steel.
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boron steel

Figure 3.5.4. The geometry model is describing a non-homogeneous distribution of boron-steel and steel.

Two hexagons, which intersect each other, represent this non-homogeneity.

In all models we kept the parameters of the geometry in the range of 20 um. Boron steel investigations with
SEM from Boéhler Bleche Company and with USANS method at ATI indicate a range of 20 um dimensions
of B micro-structure. The total B amount is kept constant at 1.88 wt% and density 7.695 g/cm’. Every
neutron track through the sample experiences a slightly different amount of boron, and Monte Carlo
simulations (MCNPX) are able to estimate an averaged transmission of a large number of stochastic paths,
thereby considering the Maxwellian energy spectrum at our beamline, multiple scattering, absorption
probabilities of the °Li scintillator [Zawisky, Dyrnjaja 2008], and as a new feature in our analysis: different
models for the absorber structure. In the absence of macroscopic inhomogeneities, the models focus on the
microstructure as indicated by SEM and USANS measurements. Figure 3.5.5 summarizes four artificial
lattice models containing alloys of boron plus steel (dark regions) concentrated in the center of the steel
hexagon cells. The light gray parts of the cells contain only steel without boron. As reference serves the
homogeneous model where boron is uniformly distributed in the whole volume of the sample (density, p =
7.695 g/cm’). The total amount of boron (weight fraction 1.88 (3) wt %), provided by the manufacturer and
confirmed by TOF (Time of flight) transmission measurements [Zawisky, 2004], has been preserved in all

simulations.

68



—Q

d
h
. -
_Th
— Model 1
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Figure 3.5.5 Different lattice models for the simulation of boron absorber inhomogeneity in steel alloyed
plates: Model 1: Hexagon lattice cells filled with spheres;, Model 2: Hexagons filled with cubes;, Model 3: coaxial
cubes; Model 4: two hexagons which intersect with each other. Only the dark shaded volumes (V.g.e) contain the
absorber [Dyrnjaja, 2015].

3.6 The Absorber Fluctuation Effect

An exponential law describes the transmission of monochromatic, collimated neutrons through a thin

and perfectly homogeneous material:

T = exp(— d %Z (o, - N)i] (3.6.1)

i

where: d = thickness, A = neutron wavelength, A, = thermal wavelength (= 0.18 nm), oy, = total microscopic
thermal cross section, N = nuclear density and i = isotope index.

However, secondary effects like beam hardening, scattering and absorber fluctuations always enhance the
neutron transmission. Another source of enhanced transmission is the background of scattered neutrons by
passing the sample [Zawisky, 1999]. This background effect has to be eliminated experimentally by
appropriate sample and detector shielding. The most interesting effect is the absorber fluctuation because
even micro-heterogeneities below the imaging resolution can reveal themselves by a slightly elevated

neutron transmission. This effect can be explained by the exponential nature of the transmission law where
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particle density fluctuations (6N) to smaller densities have a greater effect than to higher densities. Assuming
a Gaussian absorber fluctuation the transmission enhancement reads [Zawisky, 1999]: However, equation
(3.6.2) provides only a qualitative understanding, for a comprehensive modeling of the stochastic

transmission processes MCNPX simulations are used.

2
T(6N) = T(0)x exp (dZo-iéN[] /2 (3.6.2)

3.7  Applications: Transmission Experiments on Boron Steel Plates

The Bohler Bleche GmbH Company, offering stainless steel grades with different boron contents,
provided the boron steel alloy plates. These satisfy requirements such as: largest possible thermal absorption
cross-section, toughness, resistance to corrosion and ease of welding. Such materials are of high interest as
they are used in nuclear shielding or for radioactive waste disposal equipment, such as:

° Components for compact storage racks

o Transportation baskets, etc.

The neutron absorption in these samples depends on the content of boron and mostly of '°B isotope which
has an absorption cross section in the thermal region of 3840 barns as shown in figure 3.7.2. Among all
elements having large absorption cross-sections for thermal neutrons, up to now only boron is of importance
for steelmaking. The reason is that the production of shielding materials is affected by economical
consideration of availability in industrial volumes and metallurgical problems. Natural boron consists of
about 19.9% of '°B isotope. The Bohler Bleche GmbH Company has developed a fabrication technology,
which allows any mixture between natural boron and enriched boron, (figure 3.7.1). The resulting boron-
steel is hard, resistant against oxidation and chemical attack and resistant against corrosion attack under
environmental conditions of a nuclear power station. The cross sections of the alloying elements C, Si, Mn,
S, Cr, Mo, Ni, Fe (mostly of chromium, molybdenum and nickel) are considerably smaller and may be

disregarded for the evaluation of neutron absorption (see tables 3.7a and 3.7b).
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density p; number of atoms
N atomic weight cross section o Macroscopic cross
elements [g/cm?] per unit volume N .
A (Ototal = Osc + Oaps) barns section £ cm
pi =p*m;/m N=p*Na/A
Fe 0,66116320 12,0107 2,00E+20 5,55E-24 1,11E-03
C 0,0004835 28,0855 8,56E+20 2,34E-24 2,00E-03
Si 0,0048350 54,938049 1,57E+21 1,55E-23 2,43E-02
Mn 0,0174060 32,065 3,00E+20 1,56E-24 4,66E-04
S 0,0019340 51,9961 1,64E+22 6,54E-24 1,08E-01
Cr 0,1720293 95,94 1,35E+21 8,19E-24 1,11E-02
Mo 0,0261090 58,6934 9,83E+21 2,30E-23 2,26E-01
Ni 0,1160400 55,845 5,59E+22 1,42E-23 7,93E-01
Total Zgeel 1,16 cm™
Table 3.7a The chemical composition of the elements in steel plates produced by Bohler Bleche GmbH.
density p; number of atoms
s atomic weight cross section o Macroscopic cross
elements [g/cm?] per unit volume .
A (Ototal = Osc + Oaps) barns section Z cm
pi =p*m;/m N N=p*N,/A
Fe 0,638882 12,0107 2,00E+20 5,55E-24 1,11E-03
C 0,00048845 28,0855 8,56E+20 2,34E-24 2,00E-03
Si 0,0048845 54,938049 1,57E+21 1,55E-23 2,43E-02
Mn 0,0175842 32,065 3,00E+20 1,56E-24 4,66E-04
S 0,0019538 51,9961 1,64E+22 6,54E-24 1,08E-01
Cr 0,1738882 95,94 1,35E+21 8,19E-24 1,11E-02
Mo 0,0263763 58,6934 9,83E+21 2,30E-23 2,26E-01
Ni 0,117228 55,845 5,59E+22 1,42E-23 7,93E-01
B-10 0,003743 10,01293 1,74E+21 3,8381E-21 6,68E+00
B-11 0,014972 11,0093 6,33E+21 5,7755E-24 3,66E-02
Total zboron_steel 7,3 cm'l
Table 3.7b The chemical composition of the elements in boron steel sample produced by Bohler Bleche GmbH.

The theoretical calculated macroscopic cross section for boron steel alloy: 2poron-steer = 7.3 cm™,

The theoretical macroscopic cross sections for steel alloy only plates: Xgeel = 1.16 cm’! (see table 3.5).



The cross section’s data were taken at neutron energies of 2.52 x 10® MeV (thermal region).

For transmission experiments in this work, seventeen identical boron steel alloy plate were available, each
having a thickness of d = 0.137 cm, density p = 7.695 g/cm’ and containing 1.88 wt% of natural boron. There
is a practical upper limit for alloying boron into a steel matrix of about 1.90%. This is due to the tendency of
boron to lower melting eutectic points together with iron and accompanying elements. Boron alloyed
stainless steel has a heterogeneous structure. The size and distributions of boron in the steel matrix depend
on the technological cooling process of the manufacturer. Scanning Electron Microscope (SEM)
investigations exhibit an inhomogeneous boron distribution where the boron particles with a diameter of 50

to 20 um (figure 3.7.1) are embedded inside the steel matrix.

- _~Zmagnification 400x

Figure 3.7.1 A slice image, which shows the distribution of boron in steel matrix; the image was taken by

SEM analysis; 1 mm is magnified by factor of 400 [Bohler Bleche, 2001].
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Figure 3.7.2 Cross section in barns as a function of neutron energy for '°B, showing that in the thermal

region the absorption cross section is very high (data are taken from ENDF-1V, MCNPX).
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3.8  Exponential Attenuation

For thin plates, monochromatic and well-collimated neutron beam, the exponential attenuation law is

given by (referring to the Beer attenuation law (1.4.2) equation):

A A
T;al = exp(_ (zabs’log + zabs,steel)' e dx] = eXp{‘ by 108 seel : //Lrle—utron ' dx] (383)

thermal thermal

Here d is the thickness of the plate and X =N-o0,, is the macroscopic absorption cross section

0p ,steel

where N is the number of nuclides per volume, o, is the nuclear absorption cross section. The

abs

attenuation coefficient, X is considered for a homogeneous mixture of defined parts of B and Fe

108 steel *
atoms and of course other elements present in steel at neutron energies of 2.53 x 10® MeV which
corresponds to 1.8A neutron wavelength. Theoretically the effective macroscopic cross section does not
change, if we increase the thickness of the plate, but experimental results do not agree with theoretical results
like shown in figure 3.8.1. Experimentally the attenuation coefficient at the given sample thickness d is

obtained by the following:

= —(lnT)/d (3.8b)
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Figure 3.8.1 Calculated and experimental comparison of the effective macroscopic cross section values

between 1.88 % wt natural boron in alloy steel plates as a function of thickness.

This deviation between theory and experiment is related mainly to other contributions. We consider that the
inhomogeneities of the boron distribution in steel, the background contribution, beam hardening effect,

resulting in transmission enhancement especially for strong neutron absorption and thick samples. The
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macroscopic cross section values were calculated from the transmission values through boron steel plates

with different thicknesses.

3.9 Transmission Experiment with SLi Scintillator Detector

Experimentally, the transmission is derived from the count numbers. Count numbers have a
determined pixel-wise or preferably averaged over larger areas to reduce the statistical uncertainty:
T _ Ns B Nb

= W 3.9)

N and N, are the count numbers behind the sample and in the open beam respectively and N, represents the
background. Ideally, the background is measured by replacing the sample by an ‘infinite’ strong absorber
with the same dimensions (in practice 5 cm thick borolene is used on our beam line due to the fact that the
transmission would be smaller than the measured background).

The transmission experiments have been carried out at Neutron Radiography Station NR II in combination
with scintillator and CCD camera (figure 3.9.1). The read out noise depends on the readout speed of the CCD
chip, where the best signal-to-noise ratio is obtained at lowest speed and an overall signal-to-noise ratio of 60
had been obtained after the maximum exposure time of 7 minutes. However, there are two noise
components: read out noise which is independent of exposure time; thermal and radiation noise which
depends on the exposure time. On the other hand a thin scintillator causes a poor signal-to-noise ratio due to
the small neutron reaction rate [Dyrnjaja, 2015]. Certainly there are limitations of transmission
measurements while reaching the noise limit level. The transmission experiments have been done with 100
um thick scintillators layer with 150 pm spatial resolution having a 10 x 15 cm? detection area. Because the
light is not produced directly by the neutrons, but by secondary particles the blurring effect increases with
detector thickness. On the other hands a thin scintillator causes a poor signal-to-noise ratio due to the small
neutron reaction rate. The efficiency of the °Li scintillator depends on °Li density, scintillator thickness,
composition (ZnS, Ag), self-absorption of the generated photons in the scintillator, optical lens used, and the
photon detection efficiency in the CCD-camera. The transmission of a 100 um scintillator layer is ey, = 86.8

% (absorption probability = 13%) [Zawisky, Dyrnjaja, 2010].
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Figure 3.9.1 The experimental set-up with six plates, 0.822 cm thick, placed in front of the detector at

thermal column, NR-II station.

To minimize the dark current, the CCD camera was cooled to -130°C with liquid nitrogen. The cooling
process was checked every 30 and 45 min and all the data were kept at experimental book. Exposure time
was 200 seconds and, “no black removal” and “whole CCD camera” option with format 16 bit (dynamic
range) was chosen for every image. The images were saved in the TIF - file format and processed with
Image-Pro Plus 6 (Media Cybernetics) program. The gammas absorbed in the scintillator, the so-called white
spots (cause by bad “hot” pixels whose position remains unchanged) were removed by using median filters
(7x7 median filters). Together with dark current and readout noise these factors are representing the
electronic noise contribution at the scintillator-CCD camera unit.

The goal of this experiment was the verification of uniform boron distribution to evaluate the melting and
milling processes and the quantification of neutron attenuation [Zawisky, Dyrnjaja, 2010]. At first, 17 boron
steel plates with 0.137 thicknesses have been investigated. Within the scintillator’s resolution no statistically
significant regions of reduced boron content were found. A selected sample image plate is shown in figure

3.9.2, left. The variance of pixel counts N was less than 3x /N, for all sheets. Within the scintillator’s

verage
resolution no statistically significant regions of reduced boron were found in the material. Assuming a

uniform beam profile and °Li distribution, ¢ approaches the square root of the average pixel intensity (

O % \IN yeraqe ) [Zawisky, Dyrnjaja, 2010]. Employing a ND&M camera continued the search for a

hypothetical boron microstructure. Nine images were taken of the same steel area in order to separate
statistical fluctuations from reproducible structures in this plate. The statistical analysis yielded low intensity

variances of g =7.4x_| N erage in the individual images; furthermore, the sum of pixel intensities yielded an
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even lower variance of only 7.2x /N, [Zawisky, Dyrnjaja, 2010]. Hence, there was no evidence for

verage °

absorber microstructures in the ND&M measurements (figure 3.9.2, right).

Thin plate scintillator 40 x 40 mm? ND&M camera

50 pixel = 2.5 mm
50 um resolution

2

10x 10 mm
200 pm resolution

Figure 3.9.2 Transmission images of a 0.137 c¢m thick boron alloyed steel plate. The intensity variance is

2.3% N gyerage in the scintillator, and 1.4 % ,/Navemge in the ND&M image. We detected an intensity contrast

of (Lnax — Lnin)/ (Lnax + Inin) = 23 % in the ND&M pixel counts but there is not enough statistical evidence for
boron-free zones in the steel [Zawisky, Dyrnjaja, 2010].

3.10 Experimental Setup — Background Correction

Referring to Hassanein the neutrons scattered by the sample are spatially smoothly distributed on the
detector. The amount of scattered neutrons in each detector pixel depends not only on the sample thickness,
but also on the distance between sample and detector [Hassanein, 2005], [Hassanein, 2006].

Neutron scattering in the sample depends on the material composition, neutron energy spectrum, the density
of the sample and sample thickness.

The total cross section ¢ is dominated by '’B isotope (table 3.7b). Material composition has dependence,

. __— . o
which correlates to the contribution to the total cross section: —**~ where 0,
o

=0y, +O

steel *
total

Sample scattering is not the only disturbing neutron contribution in neutron images. The background
scattering contribution has big influence, especially for transmission experiment of strong absorber materials.

Neutrons that directly could not reach the detector can be scattered at the shielding or at the borders of the

76



camera box and hit the detector, [Hassanein, 2006]. This background effect is corrected by using a boron
polyethylene mask (borolene with 20 wt% boron), 10 mm thick, which has an aperture of 1x1 cm? regular at
the centre of the beam. The transmission experiments with this mask were done using °Li scintillator with
300 seconds exposure time (see figure 3.10.1, right and figure 3.10.3). This mask is designed in a way to
reduce the scattered neutrons, which aren’t penetrating inside the sample (figure 3.10.2) [Dyrnjaja, 2015].
After finishing this experiment we repeated this experiment with a polyethylene mask of 2x2 cm” aperture,
keeping the same condition as for the first mask (figure 3.10.3). These experiments were repeated two more
times. In total were 6 sets of transmission experiments through boron steel plate samples (see figure 3.10.1,
left). The sample plates were placed between the neutron beam source and scintillator at a distance 3 cm
from it. The neutron beam has a 9 cm diameter and the beam shutter has 10x10 cm” dimensions.

Within the scintillator’s resolution no statistically significant regions of reduced boron were found. A
selected sample image is shown in figure 3.10.2. The lowest detectable transmission level of our beam line,
when approaching the noise limit level, is: Toin > 5.0 x 10” + 2.0 x 10 (figure 3.10.1 at maximum thickness
d = 2.3 cm). The resolution is mainly limited by the statistical fluctuation due to the low count numbers and

the unavoidable flux of neutrons circumventing the steel plate samples.
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Figure 3.10.1 Left: The diagram shows the transmission boron steel alloyed plates versus thickness (for 17

plates) with °Li 100 um thick scintillator layer. These transmission measurements were repeated 6 times under the
same conditions with two polyethylene apertures or masks IxI and 2x2 cm’. The uncertainty is very high for thick
samples. Right: The sample was masked with 10 mm thick borolene in order to guarantee that all detected

neutrons pass the 1 cm’ sample area [Dyrnjaja, 2015].
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Li* Scintillator plate

40 x 40 mm®

200 um resolution

1 x 1 cm’ mask

Figure 3.10.2 Transmission image of a 0.137 cm thick boron alloyed steel plate taken with a 100 um thick
scintillator layer using Ix1 cm’ boron polyethylene mask at NR II station. Contrast is enhanced only for

presentation [Dyrnjaja, 2015].

Figure 3.10.3 Boron polyethylene masks used in transmission measurements of boron steel plates. Left:

aperture of Ix1 cm’. Right: Aperture of 2x2 cm’ in the centre of the neutron beam.

3.11 Transmission Experiment with IP-ND Detector

Finally, we investigated the steel homogeneity with a neutron imaging plate neutron detector IP-ND,
using a BAS-5000 readout scanner with 25 um nominal resolution. The plates were placed directly in front
of the IP-ND at 3cm distance, with 40 um vertical and 60 um horizontal effective resolution. For each plate
N, and N, were measured repeatedly. During all measurements a thin aluminium foil shielded the IP-ND, in
order to avoid mechanical damage. The exposure time was 50 min followed by a cooling time of 10 minutes

after exposure and 10 minutes scanning time for 25 pum pixel size. Between the neutron beam and the
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sample, a boron polyethylene mask (10 mm thick) was placed at the centre of the beam, with an aperture of
1x1 cm® To achieve the best signal-to-noise ratio at 25 pum resolution, the highest gradation (16 bit) and
sensitivity S4000 at level L5 scanning parameters were chosen. The scanned images were stored as Fuji-img
file format and then further processed with Image-Pro Plus 6 (Media-Cybernetics) program. The
transmission experiments were repeated systematically for each plate thickness. Due to the poor
reproducibility of the IP-ND, the uncertainty reaching the background limit is even higher as compared to the
measurements done with the °Li scintillator detector.

In the IP-ND detector, gamma radiation is the main background contribution. Because of this the background
counts N, were determined by closing the boron beam shutter and therefore reducing the gamma rays
contribution for &,. Unfortunately, the IP-ND’s intrinsic granular micro-structure complicates the analysis of
absorber inhomogeneities. To correct for the granularity, the plate has to be adjusted in exactly the same
position for open beam correction. Figure 3.11.1 gives an example of a steel inspection image; besides the
intrinsic IP-ND artefacts, no significant boron inhomogeneities were found in the steel plates. The IP-ND
artefacts and steel inhomogeneities are expected on a similar scale.

The transmission was averaged in an area of 1 cm” in order to reduce statistical uncertainties: where N,
represents the background by closing the open mask area with 10 cm thick borolene (see figure 3.11.2 right).
The neutron intensity surrounding the mask was confirmed to be uniform and reached the background level
with closed mask. This confirms that backscattered neutrons have no influence on the transmission
measurements using the setup shown in figure 3.11.2, right. N, has a great effect on low transmission
experiments when N, approach N,; it depends mainly on detector noise [Zawisky, Dyrnjaja, 2010],
[Karasawa, 1999] and scattered neutrons, which reach the detector without passing the sample. With the
imaging plate detector the background limit, N, = N,, was reached at the 15-th plate (1.781 cm thick)
[Zawisky, Dyrnjaja, 2010] see figure 3.11.2 and, considering their poor position reproducibility, the
scintillation detectors are the better choice for steel inspections. N, has a great effect on low transmission
experiments when N; approaches /,; it depends on several factors, e.g., sample composition and thickness,
the sample-to-detector-distance, intrinsic detector noise, scattered neutrons, gamma radiation, as well as
readout noise. Thus, the IP-ND in the present setup is not optimal for such investigations).

Despite the experimental difficulties it can be concluded that no evidence has been found so far for a non-
uniform boron distribution in the boron alloyed steel samples down to 50 - 100 pum detector resolution

[Zawisky, Dyrnjaja, 2010].
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Transmission

Open beam Boron steel Boron steel corrected

3:.?

100 pixels = 2.5 mm

Figure 3.11.1 Left: Steel inspection with the neutron imaging plate detector, 25 um nominal and 40 um
optical resolution. The search for inhomogeneities in boron-alloyed steels is complicated by the intrinsic granular
structure of the IP-ND. The transmission image of the steel samples is superposed by the IP-ND granularity
(middle). Right: After open beam correction (right) no significant inhomogeneities remained. (Lyux — Lyin)/ (Lyax +
Luin) = 10 % (images contrast enhanced only for presentation) [Zawisky, Dyrnjaja, 2010].
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Figure 3.11.2 Left: Neutron transmission in strong neutron absorbing steels with X= 7.3 cm™ macroscopic

attenuation cross section taken with imaging plate IP-ND. Right: The sample was masked with 10 mm thick

borolene in order to guarantee that all detected neutrons pass the 1 cm’ sample area [Dyrnjaja, 2015].
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3.12 Results and Comparison of the Experiment with Simulated Data

The simulations shown in figure 3.12.1 left indicate (increasing the thickness, number of the plates)
that the details of the lattice models have practically no effect, only the volume ratio determines the
transmission. All inhomogeneity models can be well adapted to the experimental data; only the assumption
of homogeneous absorber distribution yields systematic derivations at low transmission.

As an example, a good agreement with transmission data was obtained with parameters R =~ 10 pm, 4 =~ 20
pm, @ =~ 10 um in model 1 (figure 3.12.1). By modeling the geometric parameters one is able to adapt the

volume ratio Vol sioat [ VOl oy 1O the transmission data (figure 3.12.2).

steel
Only in the extreme cases like: model 3a (no boron free channels) and model 36 (free channel created) one
perceives a slight effect on the simulated transmission is observed. By “squeezing” the inner cube in model
3, one approaches a homogeneous layer model where all boron-free paths are closed (model 3a in figure

99

3.12.3). In this model only the parameter “c” is changed by, keeping the volume ratio constant (90%). The
opposite case is model 3b. The parameter “a” changes and defines the channel width.

The parameters for model 3, 3a and 3b are listed in Table 3.12; Volume ratio Vol, ., /Vol,, remains

always constant at about 90%.
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Figure 3.12.1 Left: Adaption of different MCNPX models to the measured transmission of boron-alloyed

steel yielding a volume ratio Vol, ., /Vol

steel

the simulations (model 3) [Dyrnjaja, 2015].

of 90%. Right: Effect of different volume ratios Vol

B—steel / VOlsteel n
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Models  Parameters

A (um) a (um) b (um) ¢ (um)
3 21 21 21 21
3a 21 21 21 18.9
3b 21 18.9 21 21

Tabelle 3.12 The parameters for models 3, 3a and 3b used in figure 3.12.3.

From the diagram in figure 3.12.3 (blue points) we notice that the transmission from model 3a is decreased,
thus we have higher absorption because all neutrons are penetrating the absorber region A4 (surface A of the
outer cube). On the other hand, transmission through absorber free-channels created in model 35 increases
the transmission. Referring to diagram in figure 3.12.1, the model 3 fits better to the experimental data.
Although we assume, that in the boron alloyed steels the existence of boron-free trajectories are very
unlikely, but for other materials the modelling of boron-free channels might be successful. In this diagram,
we clearly see that the transmission for model 35 is increased due to channels created in it (green points,

figure 3.12.2).

model 3
20 pm
steel
1+ = experiment i
experiment fited line
\ + homogenous model boron steel
s model 3
0,14 A + model 3a
model 3b model 38
o 001 a ll l N
o
3
£ 1E3; C
7]
c
{0
= 1E-4+ -——3b
3 model 3b n
1E-54 o -
t ; '
00 05 10 15 20 25 C
Thickness (cm)
d
Figure 3.12.2 Left: Transmission diagram for models 3, 3a and 3, for 90% volume ratio. The error bars for

the simulated models represent the statistical relative errors for each calculated flux. Right: Model 3: Transition
from the “layer” model 3a to “channel” model 3b, realized by flattening or stretching the inner cube. The

parameters of the cell are given in the Table 3.12 [Dyrnjaja, 2015].
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The diagram in figure 3.12.3 shows the relative error of the transmission AT.

The calculated errors for: 7, uoderza) s Luimmodersny s Lexps Lpc»@0d T noqps) Were estimated by means of
the square-root-sum error propagation approach.
2 2 2
or _ éj—;im_"aa évZ-'sim3
— | == | Y| = (3.12)
T T;im3a T;imS

The uncertainties for the experimental data increase with sample thickness, but still one can see that model 3
fits the experimental data (red points, figure 3.12.2) and lies within the confidence interval of the

experimental data fit (black line, figure 3.12.2).

107 ¢ Tsim(3a)Tsim(a)
* Tsim(3b) Tsim(a)
* Tiexp)Tsim(a)
Tty Tsim(a)

Ratio

0,1 T T T ] T L T . 1
0,0 0,5 1,0 1,5 2,0 25

Thickness (cm)

/ T T / Tvim(modelS)

sim(model3) . ~exp

Figure 3.12.3 Ratio between T, T immodersy. Lyimmodelss)

sim(model3a)

Tﬁz /Tw‘m(moden) for model 3, 3a, 3b and experimental data [Dyrnjaja, 2015].

3.13 Rescaling Effect

The question arises, if a rescaling of the cell structure or better to say the size of the cell structure
affects the neutron transmission. From equation (3.6.2) one would expect no influence, because 6N is not
restricted to microscopic scales or parameters. For each model we have calculated the neutron transmission
through sample plate for all simulated cells, rescaling the whole cell from (increasing the parameters of the

outer and the inner cube respectively, keeping the volume ratio constant: Vol, ., /Vol,, = const) ~20um,
~30 um, ~ 50 um, ~100 pm, to 200 pm, increasing the size (see figures 3.13.1, 3.13.2 and 3.13.3).
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Figure 3.13.1 Left: The dimensions of the cell (coaxial cubes) have been increased in several steps by

maintaining the relative cell structure constant referring to model 3. Right: The rescaling of the cell structure

yields no significant effect on transmission. For each plate we have calculated AT for the transmission value Top,

T30um Tsoum applying the formula AT = ——L yohere Tl Sfor example correspond to Tap,, T i correspond to

Ts0um [Dyrnjaja, 2015].
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Figure 3.13.2 A slightly enhanced transmission was observed with 100 um thick scintillation layer. Neutron

transmission in strong absorbing steels with ¥ = 7.3 cm™ macroscopic attenuation cross section compared with
different MCNPX models. By increasing the boron spheres (model 1; R = average grain radius in um) one
approaches the homogeneous model, contrary, by reducing the sphere radius the transmission is enhanced
[Zawisky, Dyrnjaja, 2010].
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Figure 3.13.3 A slightly enhanced transmission was observed with imaging plate neutron detector due to

micro-inhomogeneities of the boron distribution in the steel (model 1) [Zawisky, Dyrnjaja 2008].

3.14 Isotopic Ratio Diagrams

The natural abundance of '°B is 20 wt% and of ''B is 80 wt%. Referring to figure 3.7.2, boron
enriched with B'® considerably increases the neutron absorption even in heterogeneous models. For
systematic analysis increasing the '°B fraction changed the isotopic ratio. The simulations yield a sensitivity

10 ~ . . . . . .
ACB) = 1wt% reducing the statistical errors in the data and simulations as well can

of approximately
further increase this resolution. As shown in figure 3.14.1 the neutron transmission is very sensitive to the

volume ratio as well.

Figure 3.14.2 compares the two effects; the influence of the volume ratio of B in steel and the isotopic ratio
°B/''B. In thin steel boron steel (d = 0.137 cm) the sensitivities are similar. But the thicker the material and
the stronger the absorption, the more the neutron transmission is dominated by the absorber structure,

expressed by the volume ratio.
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Figure 3.14.1

(For a systematic analysis the isotopic ratio was changed by increasing the B'’ fraction in steps of 1 wt% of).
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Figure 3.14.2 Left: Sensitivities for a thin 0.137 cm boron steel sheet (1 plate). Right: Influence of the

volume ratio and the isotopic "’B/"' B ratio for a 2.055 cm thick absorber (15 plates).

3.15 Simulated Neutron Scattering inside the Sample

MCNPX also allows an estimation of multiple scattering inside the sample. In thick and strong

absorbing materials the probability for multiple scattering becomes large, because more absorption and

scattering events occur [Hassanein, 2006], [Sears, 1989]. All elements present in steel (Fe, C, Si, Mn, S, Cr,

Mo, Ni) have a small scattering total macroscopic cross section of Xy, = 1.16 em’! referring to table 3.7a
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(neutron scattering cross sections are very small for these elements referring to all ENDF data libraries)
[Sears, 1975].

Considering the (simulated) inner structure, with boron free channels or closing the channels we can estimate
the scattering effect inside the sample. The simulated neutron flux reaches the sample and the neutrons
scattered by the sample are distributed on the detector. Figure 3.15.1 represents the neutron flux, which
arrives to the detector versus scattering events (the number of neutrons scattered several times).

In thick samples like in a boron alloyed steel with thickness d = 2.055 c¢m from the homogeneous model the
multiple scattering events have a smaller probability to happen and more absorption events occur as
compared with the inhomogeneous model 3a; (blue and green line in figure 3.15.1, right). Referring to the
model 3b (channel model, figure 3.12.2, right) the probability for multiple scattering becomes large,
absorption decreases due to the free boron channels in the model. Neutrons passing through a steel volume

have a higher probability for multiple scattering (purple line in figure 3.15.1).
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Figure 3.15.1 Left: Multiple scattering effects for a single plate (0.137 cm thick). Right: Multiple scattering

effects in a thick absorber (15 plates, 2.055 cm thick). Multiple scattering is increasingly suppressed when

approaching the homogeneous case.

3.16 The Background Estimation

Boron Polyethylene Transmission Experiments with °Li Detector

The best correction of the neutron scattering at the surroundings of the sample is to avoid it
[Hassanein, 2006]. This is achieved by putting an additional boron polyethylene mask 10 mm thick with an
aperture 1x1 cm” between sample and detector (see figure 3.16.1) The smaller the aperture the less neutron
contribution and the thicker the boron polyethylene plate the less neutrons contribute to the scattering
background. This contribution is measured by transmission of 10 boron polyethylene plates, (the first plate
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has 2.5 mm thickness, the second plate has 5 mm thickness, the third plate has 7.5 mm thickness) each plate
with 20% boron content, 5 mm thick. These experiments were carried out at NR station II. The neutron
spectra can be well described by a Maxwellian distribution. From the beam line profile we extract intensity
values, (from images done with scintillator detector) therefore we are trying to extract the signal from the
noise.

The lowest experiment transmission value for these plates is only about 2-10” including the scattered
neutrons. This value is in the order of the detection limit of the 16-bit scintillator detector. Ideally the boron
polyethylene plates have the same size and shape as the boron steel plate’s samples (see figure 3.16.2). We
measured flat transmission behaviour of different borolene stacks, (figure 3.16.1). The uncertainty in the
experimental data is, due to the strong absorption in boron polyethylene, reaching the background level. The
transmission through boron polyethylene plates shows that borolene behave completely differently, while
some transmission through boron steel is possible; the steel material still enables some neutron penetration

through steel channels created.

= experiment
—— exponential fit of experiment data
0,014
c S(
2
2 1E3;
E Boron
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F 1E44
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02557510 15 20 25 30 35 Shielding neutron  Snutter
Thickness (mm)
Figure 3.16.1 Left: Transmission measurements through boron polyethylene (borolene) plates. The first

point represents a transmission through the first plate with 0.25 cm thickness, the second point represent
transmission through 2 plates with 0.5 cm thickness; Right: The illustration of the boron polyethylene shielding

during boron polyethylene transmission plates experiment.
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Figure 3.16.2 The radiography image of the boron polyethylene plates with boron polyethylene IxI cm’
mask placed in the front of the sample: a) Radiograph of boron polyethylene 2.5 mm thick plate (1 plate). b)
Radiography of boron polyethylene 5 mm thick plate (2 plates). ¢) Radiograph image of boron polyethylene 12.5
mm thick plate (3 plates) where the contrast is not large enough to overcome the image noise. Contrast is

enhanced only for presentation.

3.17 Summary

Thick and strong absorbing boron steel alloy plates have been investigated at the ATI neutron
radiography facility. It was evaluated how integral transmission measurements, assisted by Monte Carlo

simulations, and is able to detect micro-inhomogeneities independent of the spatial detector resolution. The
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slightly enhanced neutron transmission of thick boron-alloyed steels revealed a micro heterogeneity of the

ferro-borides. The MCNPX simulations further show that the neutron transmission do not depend on the

absolute scale of the absorber fluctuations; only the volume ratio and the existence of absorber-free channels

affect the transmission. Hence, such microstructures become detectable far below the detectors’ imaging

resolution. It is shown that microstructure has an influence for the transmission analysis and these models are

needed for accurate prediction of the transmission. Boron steel plates (with 1.88 wt% of boron content) with

a maximum thickness of 2.3 cm can be examined, for greater thicknesses the background fluctuations will

not permit qualitative nor quantitative statements. For this working range recommendations for the boron-

steel production and material specifications can be provided. We have shown that corrections to the

transmission data are recommended in the transmission range specified in Table 3.17.

Transmission Tepective’ Thomogeneous deffeciive (CM) Ahomogenous (€M)
0.1 1.09 0.34 0.30
0.01 1.36 0.82 0.68
107 2.5 1.42 1.14
10 3.4 2.02 1.65
Table 3.17 Derived transmission corrections for boron alloyed steels (1.88 wt % boron content). T,pcive

is the expected (experimental) transmission enhanced by the microstructure of this material. Tyomogencous denotes

the ideal transmission of a perfectly homogeneous material with the same boron content while; dgp.c. is the

recommended thickness in order to achieve the transmission T [Dyrnjaja, 2015].
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Chapter 4 Hollow Glass Micro-spheres

Hydrogen is the most abundant element in the universe. Hydrogen can be produced in high amount from
other energy sources and renewable energy. Hydrogen has some specific characteristics for examples
hydrogen can be converted into electric current producing energy like in the case of the fuel cell. Hydrogen
is stored in the form of a gas using micro hollow spheres as hydrogen storage. This characteristic can be used
in fuel cell application in proton exchange membrane to produce current inside the fuel cell. The amount of
hydrogen inside the micro spheres depends on pressure before and after loading, temperature, shell’s
thickness and sphere’s material. Using Neutron Radiography NR method we would be in able to quantify

hydrogen filling the hollow micro spheres under different filling conditions.

4.1 Introduction

Glass microspheres are microscopic spheres of glass manufactured for a wide variety of uses in
research, medicine, consumer goods and various industries [https://wiki/Glass microsphere]. Glass
microspheres are usually between 1 to 1000 micrometres in diameter, although the sizes can range from 100
nanometres to 5 millimetres in diameter (see figure 4.1). Hollow glass microspheres, sometimes termed
micro balloons, or glass bubbles have diameters ranging from 10 to 300 micrometres.

Glass microspheres are made by heating tiny droplets of dissolved water glass in a process known as

ultrasonic spray pyrolysis.

Figure 4.1 SEM image of the Hollow Glass Microspheres.

91



4.2  Hollow Glass Microspheres HGM

A hollow glass microsphere has a diameter in the range of 1 to 200 microns, a density between 0.2 to
0.60 g/cm’, a porous-wall structure having wall openings defining an average pore size of between 10 to
1000 angstroms. The spheres can be used as hydrogen storage material. The porous-wall structure facilitates
the entrance of hydrogen as storage material into the interior of the hollow glass microsphere. Thereafter, a
barrier coating may be applied and/or the microspheres are processed to alter or reduce the effective pore
size. In this manner, the hollow glass microsphere can provide a membrane for the transport of hydrogen
through the porous walls of the microsphere, the small pore size preventing gaseous or liquid contaminants

from entering the interior of the hollow glass microsphere referring [Shelby, 2005], [Shelby, 2006].

4.3  Hydrogen Storage

Most research into hydrogen storage is focused on storing hydrogen as a lightweight, compact
energy carrier for mobile applications [Shelby, 2006]. Liquid hydrogen or slush hydrogen may be used, as in
the Space Shuttle. However, liquid hydrogen requires cryogenic storage and boils around 20.268 K (-
252.882°C) [https://wiki/Glass_microsphere]. Hence, its liquefaction imposes a large energy loss (as energy
is needed to cool it down to that temperature). The tanks must also be well insulated to prevent boil off.
Insulation by design for liquid hydrogen tanks is adding costs for this method. Liquid hydrogen has less
energy density by volume than hydrocarbon fuels such as gasoline by approximately a factor of 4. This
highlights the density problem for pure hydrogen: there is actually about 64% more hydrogen in 1 liter of
gasoline (116 grams hydrogen) than there is in 1 liter of pure liquid hydrogen (71 grams hydrogen). The
carbon in the gasoline also contributes to the energy of combustion. Compressed hydrogen, in comparison, is
quite different to store. Hydrogen gas has good energy density by weight, but poor energy density by volume
versus hydrocarbons; hence it requires a larger tank to store. A large hydrogen tank will be heavier than the
small hydrocarbon tank used to store the same amount of energy, all other factors remaining equal (figure
4.3.1, left). Increasing gas pressure would improve the energy density by volume, making for smaller, but
not lighter container tanks (see hydrogen tank). Compressed hydrogen will require 2.1% of the energy
content to power the compressor. Higher compression without energy recovery will mean more energy lost
to the compression step.

Compressed hydrogen storage can exhibit very low permeation referring to [Shelby, 2005], [Shelby, 2006].
Figure 4.3.1 (left) represents the hydrogen stored in a bottle under 200 bar pressure and figure 4.3.1 (right)
shows the hydrogen stored in micro glass hollow spheres under 40 bar pressure at Atominstitut. General data

for Hollow Glass Microspheres (HGM) are given in the table 4.1.
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Figure 4.3.1 Left: Hydrogen stored in bottles under 200 bar pressure. Right: Hydrogen stored in HGM

under 40 bar pressure.

Diameter 10 — 200 pm

Wall thickness 1 —10 % diameter
Density 0.2 to 0.6 g/em’
Compressive strength 200 to 30.000 psi

. Soda lime silica, borosilicate,
Composition L
high silica etc.

Table 4.1 Hollow Glass Microspheres (HGM) characteristics.

4.4  HGM for Hydrogen Transport

Hydrogen is by far the most promising energy carrier of the future. Due to its usage in fuel cells,
where the efficiency is very high and still increasing, and it’s practically limitless availability on earth,
hydrogen might be the most important energy carrier for alternative, renewable energy sources.

The concept of using hollow glass microspheres (HGM) as a hydrogen storage medium has been known for
some time. Hollow glass microspheres can be used as a solid medium for the controlled storage and release

of hydrogen. The spraying of a glass frit inside a flame is one of the commercial procedures to make HGMs.
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Different chemical agents such as sulfur or urea must be added to the glass frit in order to cause the frit to
blow outward and form the hollow spheres.

In 1981, Teitel, [Sherif, 2014] was the first person to propose the use of HGM’s as hydrogen storage media
[Rambach, 1995]. The characteristics of so-called super high-strength micro-balloons towards hydrogen
storage and extraction in comparison to other known methods have also been investigated referring to [Lim,
2010].

However, one of the main concerns with regard to the use of HGM for hydrogen storage purposes is their
strength. If the HGMs were made of engineered glass, which can be up to 50 times stronger than normal
glasses, the amount of hydrogen capable of being stored in the microspheres can be increased remarkably.
This would lead to an increase in the energy density per unit volume by over an order of magnitude resulting
in the advancement of hydrogen energy technology and in the improvement of the hydrogen market as a
renewable energy source via cheaper and safer hydrogen storage [Lim, 2010], [Nelson, 2013].

HGM can be utilized for controlled storage and release of hydrogen like is shown in figure 4.4.1. Hydrogen
diffuses through the thin wall of the HGM at elevated temperatures and pressures. The gas is then trapped
upon cooling to room temperature. The ability of HGM to safely store compressed hydrogen gas is a major
advantage. However, a traditional limitation of HGM has been the poor thermal conductivity of a packed bed
of HGM; poor conduction of heat translates to unsuitably low release rates of hydrogen gas [Shelby, 2005],
[Sherif, 2014].

Hydrogen
Molecule

Glass
Membrane

Figure 4.4.1 Hydrogen filled hollow microsphere [Shelby, 2005].

Advantages of HGM
e Cheap, plentiful raw materials
e Established technology
e Made from recycled glass

e Readily used for many cycles
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e Light-weight

e High strength (high pressure)
o Safety

e Flow like liquids

e High separation ratio (>10°)
e High Hy/volume

e Low mass/H, content
Modern Applications for Hydrogen-Filled HGM

e Hydrogen storage
e Hydrogen separation and purification

e Radiation shielding for manned space flight [Shelby, 2006]

4.5 Storage Capacity

These spheres, shown in figure 4.1 have diameters of 15 to 200 um and membrane thicknesses of
approximately 1 to 20 pum. At elevated temperatures of 150-400°C the glass exhibits an increased
permeability to hydrogen, which permits the microspheres to be pressurized by immersion in high-pressure
hydrogen for a certain period of time. The hydrogen diffuses through the microsphere membranes,
equilibrating the internal and external pressures and filling the spheres. Once filled, cooling the spheres to
room temperature reduces the permeability trapping the hydrogen within the spheres. After transport and
storage at room temperature, the hydrogen is released from the microspheres by reheating the bed to increase
the permeability. The empty microspheres can then be cycled and refilled.

The fill rate is a function of glass properties, permeating gas, temperature and pressure differential. As in any
pressure vessel, the burst pressure of the container and an applied safety factor limits the storage capacity of
a microsphere.

The burst pressure of the sphere P, is given by [Rambach, 1995]:

P, =4roc, . — (4.5.1)

Where O, is the biaxial tensile (hoop) stress in the sphere membrane at failure Aris the membrane

thickness and d is the sphere outer diameter like shown in the figure 4.5.1.

95



diameter (um) wall thickness (um)

ds Ar
:Dnternal
ressure
/ l \ O max
Figure 4.5.1 The geometry and dimensions of glass microsphere for hydrogen storage.

The energy needed to fill a bed of the microspheres is the sum of the energy used to pressurize the hydrogen
to the filling pressure and the heat used to raise the bed temperature for a suitable increase in permeability.

For glasses, the permeability K can be expressed as referring to [Rambach, 1995], [Sherif, 2014]:
_ -y )
K= KOTexp( /T (4.5.2)

where T is the temperature of the glass and K,, and @ are constants that are functions of the mole percent of

network modifiers (M) in the glass.

For a given pressure differential AP across the glass microsphere membrane, the internal pressure Pl at any

time during the fill or release of hydrogen is:
P =P, + APl -expl- yA ) (4.5.3)

I3

where P, is the original internal pressure and ¢ is time. The “+” sign applies to filling and the sign
applies to releasing. The term 7 is the fill or release time constant (diffusion coefficient), which can be
expressed as:
w-d,
T= (4.54)
6KRT

The diffusion parameter as a function of temperature 7, width of the glass hull w, diameter of the sphere d;,

the permeability K, and R is the universal gas constant [Rambach, 1995].

4.6  Filling HGM with Hydrogen

Hydrogen diffuses through the glass wall and after reaching the desired pressure, the spheres are
cooled down and diffusion stops (or is drastically reduced) [Rambach, 1995], [Sherif, 2014]. Although the
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diffusion process through glass is well understood, measurements of diffusion rates are still difficult to
handle. This is mainly due to the small size of the spheres and the required long-term stability of the
measurement. In cooperation with FOTEC Company, we present a method for pressure and diffusion rate
measurements at high accuracy and the potential for the spatial resolution of diffusion processes for
hydrogen filled microspheres [Dyrnjaja, 2014]. The method is based on neutron radiography (NR) as
described below.

For this experiment we used S38HS microspheres from company 3M™ with an average diameter of
approximately 15 pum like (figure 4.6.1). The FOTEC Company is concentrating on different hydrogen
storage technologies, especially on complex metal hydrides and the above-mentioned hollow glass
microspheres. While for metal hydrides, storing of hydrogen is achieved by chemical bonding to the hydride
(NaAlH4, LiBH4, etc.), hollow micro-spheres allow for gaseous storage of hydrogen (along with some other
light elements). This is achieved by heating up the spheres within a hydrogen atmosphere at a constant
pressure. Within a closed steel cylinder, constant hydrogen pressures (20, 25, 40 bar) were applied at a
temperature of 190°C. The final pressure was measured using thermos-gravimetric analysis (TGA) [Bichler,
2013], [Schmid, 2012], [Nelson, 2013]. In order to achieve a high throughput of samples, we fixed the filling
time to a maximum of 3 days. After that, the microspheres were cooled down to room temperature and
brought to the reactor. Special aluminum sample holders were used in order to reduce scattering of neutrons
within the sample holder.

Transmission of neutrons through the sample was measured over several days for different initial pressures at
room temperature. Since S38HS microspheres show a non-negligible diffusion rate at room temperature for a
reasonable time interval (several days), we were able to follow the exponential decrease of the neutron

attenuation, which actually proves the feasibility of the NR method.

magnification 1000x

Figure 4.6.1 SEM image of S38HS Hydrogen filled microsphere [Schmid 2012].
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4.7  The Neutron Radiography Method.

The application of neutron radiography for hydrogen studies has a long tradition at the Atominstitut.

The transmission experiments were performed using a 100 pm thick °LiF scintillator layer with 150 pm
spatial resolution. The detection process including a Maxwellian energy distribution of the thermal neutrons
has been implemented in our MCNPX simulation program [Zawisky, 2008].

The hollow microspheres were filled with hydrogen gas at FOTEC Laboratory under different pressures 20,
25 and 40 bars. The high scattering cross-section of hydrogen yields high detection sensitivity by neutron
radiography [Rauch, 1977], [Sears, 1983, 1992], [Lehmann, 2004], [Bacon, 1962], Therefore the neutron
attenuation is dominated by the hydrogen content in the sample while neutron absorption in glass is
negligible. The neutron attenuation is characterized by the sample thickness d (in this case the thickness of
the sample holder) and the total macroscopic cross section and can be approximated by an exponential law

(T= transmission probability):
= 4.7.1)

It is convenient to use the total macroscopic cross section X:

2total = No = ES +2a (4.7.2)

(scattering + absorption) where N represents the number of nuclei per volume and d being the sample
thickness; the scattering behavior of hydrogen as "free-gas" can be described by a simplified "pinball"
model. The cross sections of hydrogen for thermal and cold neutrons are especially high in the low neutron
energy range [Lehmann, 2004]. For hydrogen as a free gas, the cross section for the relevant energy range is
taken from evaluated nuclear data file ENDF-VI extracted from MCNPX data libraries [MCNPX DATA,
2004].

In case of hollow microspheres, the macroscopic cross-section, is dominated by single and multiple
scattering [Sears, 1989]. Multiple scattering occurs if the sample thickness d approaches the neutron's mean

free path length [Lehmann, 2004], [Sears, 1989], [Smith, 2002], [Hassanein, 2005], [Grosse, 2006]:

(4.7.3)

where 2total = Z:H + ZGlass (4-7-4)

From the measured X one derives a typical mean path length of L = I8 ¢m and d/L = 0.05 in the sample
which indicates that multiple scattering is negligible. In a 10 cm sample-to-detector distance no scattering

artefacts are detected, only a slight transmission enhancement of 0.1% at 1 cm sample distance.
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4.7.1 Theoretical Considerations

The experimental transmission probability of neutrons is given by:

— [S _Ib — _zmtal'd
I, . = =e
L -
0 b

(4.7.5)

I, I, and [, denote the intensity behind the sample, background intensity and open beam intensity
respectively. All intensities are averaged in a selected area of interest (AOI). To quantify the hydrogen
content in the micro spheres one has to measure the hydrogen loaded and the empty sample.

The density py can then be derived from:

J _[pH;[HNAd J

T = Lfiked  _ e Znd _ o P
H

1

empty

(4.7.6)

where N, is Avogadro number; o, is neutron cross section of hydrogen as free gas (data are taken from

ENDF-VI) [Lehmann, 2004], M ,, is atomic weight of hydrogen, p,, is hydrogen density, d is thickness of
the sample. From other side the statistical form of the ideal gas equation is:

pV = Nk,T (4.7.7)

p is the pressure, V is the volume, N is the number of molecules in 1 mol, k p 1s the Boltzmann constant, T is

the temperature.

From formula 4.7.2 where: Etoml = NO where N is the number of atoms per volume:
N
N=Pua (4.7.8)
M,
XM,
Therefore 0 becomes: Py = (4.7.9)
oN ,

Considering formula 4.7.9 0, can be rewritten like:

M, —In(T,)M
0, = (7, )My (4.7.10)
o, N, dN o,

The density is directly coupled to the pressure inside the spheres (Pis the pressure inside the spheres):

p=Lu

k,T 4.7.11)

H
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P

P = leBT where N can be expressed: N =
M,

Py _ Py
P o

by use of: (4.7.12)

and using a reference density ,Oref for hydrogen gas at 1 bar and 300K, equation (4.7.12) can be written as:

P _ P

- 4.7.13
pref pref ( )

reference density ,O,ef for hydrogen gas at 1 bar and 300K is:
Pret =Py rer(ivar) = 0.0832kg / m’

Using equation (4.7.13), one directly derives the pressure by inserting the hydrogen density shown in figure
4.8.6 (right diagram). This yields a starting pressure on day 1 of approximately 24 bar for the red curve in
figure 4.8.5 which is in good agreement with the applied pressure during the filling of the hydrogen (25 bar).

According to equation (4.7.13) and figure 4.8.6 we derive an exponential decrease of

t
the pressure: P(t)=P —-AP(1-e ") (4.7.14)

with P,, P(t) being the initial and actual pressure of the filled micro-spheres respectively, P, is the
surrounding pressure (1 bar), 4P is the pressure difference of P(z) and P,.;, [Rambach, 1995].

Applying equation (4.7.13) and equation (4.7.14), one derives an average diffusion coefficient 7 for both
samples 20, 25 bars (see figure. 4.8.5) of 79 and 74 hours with a standard deviation of 15 and 17 hours
respectively, therefore indicating 7 as a pressure independent quantity. As would be expected from equation
(4.5.4), T is also expected to be a pressure independent quantity, which therefore is in good agreement with

our measurements [Williams, 1922].

4.8  Experimental Data and Results

The radiography measurements were done at the Atomic Institute, using an exposure time of 120
seconds. The first microspheres with 25 bar and 40 bar pressure were investigated at room temperature using
a 5.1 cm diameter aluminum can (cylindrical form), see figure 4.8.1. As a reference, empty microspheres

were used. The transmission measurements were performed daily for a period of two weeks. As expected,
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the hydrogen was released from the microspheres in the course of time like is shown in the diagrams in

figure 4.8.2.

' cintillator

Aneter

Figure 4.8.1 Left: Setup of the neutron transmission experiment. Right: Neutron radiography image of

hydrogen at 40 bars and room temperature, according to Equation 4.7.5. The rectangular area shows an area of

interest (AOI).
] = sample S38HS - 40 bar
0,67+ ¢ sample S38HS - 25 bar
0.66.- —— empty S38HS spheres
c 0,65
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® 0,64
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& 0631
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Time (days)
Figure 4.8.2 Neutron attenuation course of time for empty samples and for 25 and 40 bar applied

pressure. The hydrogen content rises with the loading pressure [Dyrnjaja, 2014].

The aluminum can has a non-uniform thickness therefore the quantification of hydrogen was difficult and
was not possible to have a large area of area of interest (AOI) during the radiography analysis. Thus the
measurements were continued with spheres of 20 and 25 bar applied pressure filled into a rectangular
aluminum holder d = I ¢m like shown in the figure 4.8.4.
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Again a reference measurement with empty microspheres was performed (see figure 4.8.3).

(The density resolution is p = 0.00012 g/cm’ for these measurements done with the scintillator).

Figure 4.8.3 Image of the empty spheres inside a rectangular aluminum holder, 1cm thick. Contrast of the

row image is enhanced only for presentation and doesn 't affect the quantitative analysis.

scintillator

Figure 4.8.4 Left: Setup of the neutron transmission experiment. The distance between sample and
detector is 10 cm, in order to avoid scattering artefacts. Right: Neutron radiography image of hydrogen at 20 bar
and room temperature, according to equation 4.7.5. The rectangular area shows an area of interest (AOI)

[Dyrnjaja, 2014].
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Figure 4.8.5 Neutron attenuation over course of time for empty spheres samples, 20 and 25 bar (applied

pressure) spheres filled with hydrogen. The lines are least square fits to the experimental data. As expected, the

hydrogen content rises with the loading pressure [Dyrnjaja, 2014].

0,06 . 0,0024 -
* sample S38HS 20 bar applied pressure e sample S38HS 20 bar applied pressure
0,054 * sample S38HS 25 bar applied pressure 0,00204 » sample S38HS 25 bar applied pressure
“c 0,0016 -
o
20,0012
5 o
a
0,0008
: 0,0004 1
1 0.0000 T T T T T T T 1
7 8 1 2 3 4 5 6 7 8
Time (days) Time (days)
Figure 4.8.6 Left: Derived macroscopic cross sections and hydrogen densities p,, filling the spheres.

Right: The lines are least square fits to the experimental data (the arrow indicates the data point relevant for

comparison in figure 4.8.7) [Dyrnjaja, 2014].

We have also measured the neutron attenuation of a heated sample at 90°C as shown in figure 4.8.7. The
diffusion coefficient rate value 7 was calculated to 55 minutes (for heated sample). At 25 bars and room

temperature the calculated density value is 0.00147 g/cm’ (the data point used is indicated by an arrow in
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figure 4.8.6, right. One expects a density decrease of 0.00003 g/cm’® after 60 minutes at room temperature
(red dot in figure 4.8.7) which is one order of magnitude below the reported density change for the higher
temperature case, where the hydrogen density decrease is 0.0006 g/cm’, when the sample is heated to 90°C
as shown in figure 4.8.7 [Dyrnjaja, 2014].

One can see a strong enhancement of the diffusion rate, which, according to equation (4.5.4), is caused by a
temperature dependent permeability of glass [Keding, 2009], [Keding, 2011], [Markovich, 2009]. In order to
confirm this, measurements on different types of glass spheres, regarding their diameter and glass hull will
be done in future experiments. Additionally, a systematic study of the temperature behavior could be very

useful for the modeling of the diffusion of hydrogen through the spheres [Dyrnjaja, 2014].

0.0020 sample S38HS 25 bar pressure

0,0018
. room temperature
0,0016 /
. 0,0014- { }
o 1 after 60 minutes /
g 0,0012 room temperature
o ]
S 0,00104
a- 0,0008-
0,0006 - after 60 minutes \{
0,0004 heated to 90 degrees
15 30 45 60 75
Time (minutes)
Figure 4.8.7 Hydrogen density inside the filled microspheres. We used microspheres filled at an initial

pressure of 25 bar. The measurements were performed under constant temperature of 90°C for 1 hour interval

[Dyrnjaja, 2014].

4.9 Summary

Neutron transmission measurements of hydrogen filled microspheres are the first step quantifying
microspheres and their filling process. These data are necessary to optimize the complete system regarding
storage pressure and long-term stability. The next steps are the optimization of the filling process and testing
different types of microspheres. The outcome of this fundamental research can further be used to optimize
hydrogen filled microspheres for energy related applications e.g. safety hydrogen storage system for fuel

cells.
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Chapter 5 Fuel Cell Radiography

Neutron imaging as a non-destructive method gives us the possibility to analyse the fuel cell during the
operation. The source of the neutrons needed for the Neutron Radiography NR is a Triga Mark II reactor
when the free neutrons are produced. Neutrons as particle are very sensitive to some materials, which
contains hydrogen element like water. These properties make them very important since water visualization
is very important for the good performance of a fuel cell device. The accumulations of the liquid water in

proton exchange membrane PEM fuel during the operation limit their performance significantly.

5.1 Introduction

A fuel cell is an electrochemical device that combines hydrogen and oxygen to produce electricity,
with water and heat as its by-product. The simplest form of a fuel cell consists of: an anode and a cathode
with an electrolyte between them. At the anode, hydrogen reacts with a catalyst, creating a positively charged
ion and a negatively charged electron. The proton then passes through the electrolyte, while the electron
travels through a circuit, creating a current. At the cathode, oxygen reacts with the ion and electron, forming
water and useful heat. This single cell generates about 0.7 volts, just about enough to power a single light
bulb. When cells are stacked in series the output increases, resulting in fuel cells anywhere from several
watts to multiple megawatts [https://en.wikipedia.org/wiki/Fuel cell].

The first fuel cell was built in 1839. The first commercial use of fuel cells was in NASA space programs to
generate power for probes, satellites and space capsules. Since then, fuel cells have been used in many other
applications. The energy efficiency of a fuel cell is generally between 40-60%, if waste heat is captured for

use [https://en.wikipedia.org/wiki/Fuel cell].

5.1.1 Design of Fuel Cells

Fuel cells are made up of three adjacent segments: the anode, the electrolyte, and the cathode (figure
5.1.1). The most important basic parts in a fuel cell are [https://en.wikipedia.org/wiki/Fuel cell]:
e The electrolyte substance usually defines the type of fuel cell
e The fuel that is used. The most common fuel is hydrogen.
e The anode catalyst, which breaks down the fuel into electrons and ions.
e The cathode catalyst, which turns the ions into the waste chemicals like water or carbon

dioxide [https://en.wikipedia.org/wiki/Fuel cell].
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Figure 5.1.1 A diagram of a fuel cell [https://en.wikipedia.org/wiki/Fuel cell].

5.1.2 Proton Exchange Membrane Fuel Cells

The proton exchange membrane fuel cell (PEMFC) is a proton-conducting polymer membrane,
which separates the anode and cathode sides [https://en.wikipedia.org/wiki/Fuel cell].
On the anode side, hydrogen diffuses to the anode catalyst where it later dissociates into protons and
electrons. The protons are conducted through the membrane to the cathode, but the electrons are forced to
travel in an external circuit (supplying power) because the membrane is electrically insulating. On the
cathode catalyst, oxygen molecules react with the electrons (which have traveled through the external circuit)
and protons to form water - the only waste product. In addition to this pure hydrogen type, there are
hydrocarbon fuels for fuel cells, including diesel, methanol. The waste products with these types of fuel are
carbon dioxide and water.
Anode: The electrode at which oxidation (a loss of electrons) takes place. For fuel cells and other galvanic
cells, the anode is the negative terminal; for electrolytic cells (where electrolysis occurs), the anode is the
positive terminal.
Cathode: The electrode at which reduction (a gain of electrons) occurs. For fuel cells and other galvanic
cells, the cathode is the positive terminal; for electrolytic cells (where electrolysis occurs), the cathode is the
negative terminal.
Membrane: The separating layer in a fuel cell that acts as electrolyte (an ion-exchanger) as well as a barrier
film separating the gases in the anode and cathode compartments of the fuel cell.
Catalyst: A chemical substance that increases the rate of a reaction without being consumed; after the
reaction, it can potentially be recovered from the reaction mixture and is chemically unchanged. The catalyst
lowers the activation energy required, allowing the reaction to proceed more quickly or at a lower
temperature.
In a fuel cell, the catalyst facilitates the reaction of oxygen and hydrogen. It is usually made of platinum

powder very thinly coated onto carbon paper or cloth. The catalyst is rough and porous so the maximum
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surface area of the platinum can be exposed to the hydrogen or oxygen. The platinum-coated side of the
catalyst faces the membrane in the fuel cell.

Proton exchange membrane (PEM) fuel cells works with a polymer electrolyte. It has a form of a thin,
permeable sheet. This membrane is small and light, and it works at low temperatures (about 80°C). In our
experiments the PEM was heated at about 70°C. Figure 5.1.2 shows the principle how the fuel cell works.
The fuel for the PEMFC is hydrogen and the charge carrier is the hydrogen ion (proton). At the anode, the
hydrogen molecule is split into hydrogen ions (protons) and electrons. The hydrogen ions permeate across
the electrolyte to the cathode while the electrons flow through an external circuit and produce electric power.
Oxygen, usually in the form of air, is supplied to the cathode and combines with the electrons and the
hydrogen ions to produce water [https://en.wikipedia.org/wiki/Proton_exchange membrane].

The reactions at the electrodes are as follows (see figures 5.1.3 and 5.1.4):

Anode reaction: 2H, — 4H" + 4¢”
Cathode reaction: O, + 4H" + 4¢” — 2H,0
Overall cell reaction: 2H, + O, — 2H,0

Anode Cathode
A

Channel H,O
)*/\ e\
Load
Figure 5.1.2 Layers and primary flows of a PEMFC, which are also the components of the fuel cell. Fluid

enters and exits the cell through channels in the flow plates FP [Modelica, 2014].
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Figure 5.1.3 The structure of a PEM fuel cell. The catalyst at the anode facilitates the ionization of

hydrogen, giving electrons to the external circuit. Protons are allowed to pass through a series of membranes to
the cathode. The catalyst at the cathode facilitates the reaction of protons, oxygen atoms and electrons into water

molecule [Bazylak, 2012].

Figure 5.1.4 Schematic view of current production in fuel cell. The energy from the chemical reaction is

converted directly into electricity [Bazylak, 2012].
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5.1.3 Gas Diffusion Electrodes (GDE)

Referring to [bazylak.mie.utoronto.ca/research/| the gas diffusion electrodes (GDE) are electrodes
with a conjunction of a solid, liquid and gaseous interface, and an electrical conducting catalyst supporting
an electrochemical reaction between the liquid and the gaseous phase.

In the polymer electrolyte membrane fuel cell (PEMFC), it is crucial for the gas diffusion layer (GDL) to
remain free of water in order to provide a pathway for gaseous fuel transport. The GDL is a porous material
composed of a dense array of carbon fibers, which also provides an electrically conductive pathway for
current collection (see figure 5.1.5). The GDL must also provide a pathway for excess water removal. Excess
water commonly leads to flooding, where liquid water accumulates in the GDL and gas channels resulting in
fuel starvation. Although the GDL is commonly made hydrophobic to enhance water removal, in practice,

flooding is still a major cause of PEMFC performance degradation [bazylak.mie.utoronto.ca/research/].

Gas Diffusion Layers

@ |

h
e
H, =—> <+— AIR
Current Current
Collector Collector
Catalyst Membrane Catalyst
Figure 5.1.5 The gas diffusion layer (GDL) in the fuel cell [bazylak.mie.utoronto.ca/research].

5.1.4 Theoretical Maximum Efficiency

The energy efficiency of a system or device that converts energy is measured by the ratio of the
amount of useful energy put out by the system ("output energy") to the total amount of energy that is put in
("input energy") [https://en.wikipedia.org/wiki/Fuel cell].

In the case of fuel cells, useful output energy is measured in electrical energy produced by the system. Input
energy is the energy stored in the fuel. According to the U.S. Department of Energy, fuel cells are generally
between 40-60% energy efficient.
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This is higher than some other systems for energy generation. For example, the typical internal combustion

engine of a car is about 25% energy efficient.

The maximum theoretical energy efficiency of a fuel cell is 83%, operating at low power density and using
pure hydrogen and oxygen as reactants (assuming no heat recapture). According to the World Energy
Council, this compares with a maximum theoretical efficiency of 58% for internal combustion engines.
While these efficiencies are not approached in most real world applications, high temperature fuel cells
(solid oxide fuel cells or molten carbonate fuel cells) can theoretically be combined with gas turbines to
allow stationary fuel cells to come closer to the theoretical limit. A gas turbine would capture heat from the
fuel cell and turn it into mechanical energy to increase the fuel cell's operational efficiency. This solution has

been predicted to increase total efficiency to as much as 70% [.https://en.wikipedia.org/wiki/Fuel cell].

5.1.5 Basics and Motivation

The operating performance of a PEM fuel cell depends on a huge number of operating parameters:

Water balance (product water and humidification water)

° Temperature

o Load current

o Gas supply

o Type and condition (age, pinholes...) of MEA

° Type of gas diffusion layer GDL

o Channel design of flow field plates

o Force of which backing layers were pushed together

When current is drawn, water is produced on the cathode side of the fuel cell. A dry-out of the cell has to be
avoided and a highly saturated membrane has to be guaranteed. On the other hand the accumulation of liquid
water in PEM fuel cells during operation limits their performance significantly because of the access of
reactant gases to the catalyst is retarded or avoided by water drops in the porous gas diffusion layer (GDL).
Moreover, water blocks the channels in the flow field of the fuel cell and the cell is flooded. This effect leads
to fuel starvation at higher power densities and accelerates the degradation by a variety of locally acting
mechanisms. Improved water management can only achieve high power densities for fuel cell stacks in
transport applications. A better understanding of the liquid water transport inside a fuel is expected to
enhance the lifetime and performance of each cell.

However, most of the regions of PEM fuel cells in which liquid water transport occurs are inaccessible to in-
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situ measurements. Computational methods are still limited by the lack of fundamental understanding of
two-phase flow in porous media in particular when considering hydrophobic GDLs. So the balance between
water productions and water removal has to be investigated for optimization [Hacker, 2010], [Strasser,

2010]. This is the aim of the present work.

5.2  Neutron Imaging System

NR (Neutron radiography) method provides a powerful and effective tool to visualize and quantify
water transport inside the operating fuel cell. Although the fuel cell principle is has been known since many
years, still researches are needed to make this technology competing and costs efficiency. In 1996, Mosdale
reported the first use of neutron imaging to measure the water profile across the membrane in a PEM fuel
cell [Mosdale, 1996]. Belows used neutron radiography to measure water transport profiles across a
membrane in a working cell [Belows, 1999]. In 2004 Satija employed in-plane neutron imaging to an
operating PEM fuel cell and produced a time series of images to evaluate the water management of a fuel
cell system [Satija, 2004]. Hickner and co-workers investigated the water content in the PEM fuel cell as a
function of current density and temperature [Hickner, 2006]. Recently Kim and Mench employed neutron
imaging to visualize the phase-change-induced flow of liquid water in a PEM fuel cell [Kim, 2009], [Mench,
2003]. Li employed neutron imaging in the through plane to evaluate flow channels design [Li, 2007]. Chen
employed neutron imaging to measure the liquid water content at four places in an operating PEM fuel cell
[Chen, 2007]. Park employed neutron imaging to measure the water content in a PEM fuel cell with a single
serpentine channel. Several authors have also employed neutron imaging to specially focus on measuring the
liquid water distribution in GDL: [Okada, 1996], [Tiiber, 2003], [Pasagullari, 2004], [Dong, 2005], [Litser,
2006], [Kumbur, 2006], [Weng, 2006], [Spernjak, 2007], [Chen, 2008], [Kim, 2008], [Park, 2008], [Zhang,
2004], [Arif, 2008]. Kramer as author employed neutron imaging to investigate the liquid water
accumulation in a direct methanol fuel cell [Kramer, 2005]. The work published by Owejan and Trabold
employed neutron imaging to a PEM fuel cell with an interdigitated flow field to investigate the
accumulation of liquid water in the cathode [Owejan, 2006], [Trabold, 2006]. Author Turhan visualized
water in the channels and GDL, and observed the tendency for water to accumulate under the land areas in a
PEM fuel cell [Turhan, 2006]. Ludlow extended the use of neutron imaging from quantifying liquid water
accumulation in the gas flow channels to isolating the water content in the MEA and membrane alone by
analysing images before and after purging flooded gas channels [Ludlow, 2006]. Siegel employed neutron
imaging over four continuous days PEM fuel cell testing as they explored the accumulation of liquid water in
both the anode and cathode gas channels [Siegel, 2008]. Recently Turhan employed neutron imaging to a 50
cm’ active area PEM fuel cell to investigate the effect of varying the channel size, landing size and land to

channel ratio [Turhan, 2008]. Dong describes the results of a newly developed real-time technique for in situ
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measurement of water vapor, nitrogen and oxygen distributions within the reactant flow channels of an

operating PEMFC [Dong, 2005].

5.3 Water Visualization

For neutron transmission experiments usually thermal neutrons are used. The transmission
experiments have been carried out at the Radiography Station NR II, using a 100 pum thin plate scintillator in

combination with CCD camera.

According to [Zhang, 2004] the major obstacle that prevents a fuel cell from realizing its theoretical current
density is most probable the accumulation of water produced inside the channels in the membrane electrode

assembly (MEA), (figure 5.3.1). Therefore, the knowledge about the amount of liquid water inside the fuel

GDL
N —>

cell is of great interest.

Neutron Attenuated
Beam Beam
Water
MEA
Figure 5.3.1 Schematic visualization principle of water creation inside the fuel cell.

In the middle of the fuel cell there are 3 layers: see figure 5.3.1 and figure 5.1.5.

The first layer is the gas diffusion layer, (GDL) which has a thickness of 330 pum.
The second layer, which is in the middle, is the membrane electrode assembly MEA, (we use MEA 5620
from www.gore.com) which has a total thickness of 60 um [Strasser, 2010].

The third layer is once more the gas diffusion (GDL) layer with a thickness 330 um. All three layers together
have a thickness of 720 pm.
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The gas diffusions layers function is to dispense the gases (H, on the anode side and air on the cathode side).
The MEAs function is to conduct the hydrogen H, ions from the anode side to the cathode side and to
catalyst the chemical reaction: 2H, + O, — 2H,0O

The water content in the membrane varies with operating conditions. Here one of the most important
operating parameters is the water balance. Liquid water comes into the fuel cell by humidification of the
supplied gases. This has to be done, because the MEA has to be humid. Only with a humid membrane, the
proton conductivity of the membrane works - (which is essential for the function of a PEMFC) - is

warranted.

5.4  Image Normalization; Quantification Analysis

Neutrons are extremely sensitive to small amounts of water [Ludlow, 2006], [Kramer, 2005],
[Lehmann, 2009]. It is convenient to normalized data images to a reference image (in our case using a dry
fuel cell). In this way data are corrected for the presence of hydrogen containing structure of the MEA.
Figure 5.4.1 represents an illustration of the quantification principle of transmitted neutron intensity.
According to [Trabold, 2006] to isolate the water in the fuel cell, the “wet” images are normalized using a

dry fuel cell image instead of the direct attenuated beam image.

Wet Dry Water

LN

Figure 5.4.1 The image normalization using the dry image of the fuel cell. The values of the fuel cell
humid membrane are divided pixel by pixel by the image value of the dry membrane leaving the “wet image”.
Finally the negative natural log of each obtained pixel value (divided by the thickness of the membrane) yields the
density of water distributed inside the membrane (these images were obtained using IP-ND at NR station II at

Atominstitut). Dark red regions colour (low intensities) indicate liquid water, high intensities indicate dry regions.
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In this case I, is the intensity of the dried sample at 70°C and I,., describes the attenuation through fuel cell
under humidified conditions. By dividing /., by I, we get the corrected normalized transmission through

the fuel cell:

water* ) (5.4.1)

water

1
T ~ ¥ — exp(—2
7 p(

dry

where 2 is the macroscopic cross-section and d is membrane thickness. From X the absolute water

water water

density .., in g/em’ can be evaluated.

_N,o

Zwater A pwater (5 4 la)

where 4 is the atomic weight, N, is the Avogadro number, & is the microscopic cross section in cm®,
One has to normalize the intensities behind the wet sample to the dry sample in order to determine the

transmission T:
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5.5  Radiography Measurements with Scintillator

The first set of the transmission experiments had been performed with 100 pm scintillator’s thick
layer with 200 pum spatial resolution (and having a 10 x 15 cm” detection area) and with IP-ND (see detector
characteristics in Chapter 2). The sample plates were exposed with 1.3 x 10° n/(cm’s) neutron flux with a
L/D ratio of 130. Figure 5.5.1 shows the components of the NR II station facility.

The fuel cell sample was placed as close as possible to the scintillator screen. To minimize the dark current
the CCD camera was cooled to -130°C with liquid nitrogen. The cooling process was checked every 30 or 45
min. Exposure time was 500 seconds, and “no black removal” and “whole CCD camera” option with format

16 bit (dynamic range) was chosen for every image. The images were saved in the TIF-file format and
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processed with Image-Pro Plus 6 (Media Cybernetics) software. (The measurements started usually at 10

a.m. and continued until the reactor regime was shut down (usually at 15.45 p.m.).

Neutron Beam

Sample

Scintillator screen

l Power
> supply
> Control
( > E unit PC
Mirror , CCD camera
Light black box
Figure 5.5.1 Schematic view of the scintillation process used for fuel cell in NR 11 station at ATI.

The stationary fuel cell is mounted in front of the neutron beam and resolution is maximized by placing the

fuel cell as close as possible to the scintillator screen like is shown in the figure 5.5.2.

=

: = |
175
VR

Figure 5.5.2 Setup of the neutron transmission experiment with °Li (100 um) scintillator at NR II station.
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Figure 5.5.3 View of the stationary fuel cell used in radiography measurements at NR II station.

The PEM fuel cell is constructed (TU- Graz) with thick aluminum compression plates to the outermost ends
of the assembly like is shown in figure 5.5.3. The anode and the cathode flow field channels are machined
within an area of 10.2 cm’. Between the anode and the cathode flow fields are the membrane-electrode

assemblies (MEA) and gas diffusion layers.

The fuel cell was controlled by a fuel-cell test station that was built near radiography station like is shown in
figure 5.5.4. This fuel cell station provides accurate flows of hydrogen and oxygen as well as dry nitrogen.
The cell was purged with dry nitrogen for 10-15 min to dry membrane. The gas passes through channels as

shown in figure 5.5.4.

Figure 5.5.4 The fuel cell test station set-up.
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5.6  Image Processing and Analysis - Results

The raw image in figure 5.6.1 represents the light intensity emitted from the scintillating screen. The
sample image was rescaled. After applying a median filter and the correction, line profiles were choosen as
shown in the figure 5.6.3 (see yellow lines). Line profiles were taken along the width of the MEA to extract
intensity values. (In a line profile the X-axis represents the spatial scale and the Y-axis measures the intensity
value). High relative humidity 30%-90% and operating temperatures around 70°C are preferred for stationary
fuel cell. These parameters were adjusted to maintain proper cell hydration.

During operation the cell was supplied with humidified water at 70°C and applying different currents of 2
and 6 A. PEM fuel cell operating conditions include: humidity, cell temperature, operating current density.
First measurements were done with dried fuel cell and no current applied, at 70°C, (figure 5.6.2 left). A few
images were made under these conditions.

After some images of the dried cell at 70°C the fuel cell was supplied with 30% humidity, (figure 5.6.2
right). Only with a humid membrane the proton conductivity inside the membrane is possible, which is
essential for the function of a PEMFC. When current is applied, water is found or produced on the cathode
side of the MEA via oxygen reaction and is transported through the GDL. The water then is removed from
the cell by the gas flow and gravity [Trabold, 2006].

The more humidity and more current are applied more the water is created inside the channels of the PEM.
Figure 5.6.1 shows the raw image taken with °Li scintillator. Figure 5.6.2 shows the processed image of the
fuel cell taken with a °Li scintillator, while figure 5.6.3 shows the processed neutron image of the inner
membrane MEA of the fuel cell. The diagram in the figure 5.6.4 shows the intensity (in counts) histogram
for the whole width of the membrane. Dry and wet regions are resolved in both detectors, but the better
spatial resolution of the image plate allows a more precise density analysis. The different gray levels
correspond to different amounts of water. The darker the gray level of the pixel, the more water is present.
However, water is only slightly visible in the raw image with a very careful inspection. Color mapped
images are only used, to enhance qualitative analysis and do not affect, quantitative analysis, therefore the

images were colored.
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Figure 5.6.1 Left: Raw image of the fuel cell, radiography image of an operating fuel cell done with a 100
um thin plate scintillator with 200 x 200 um’ readout resolution. The MEA is located in the centre of the image.
The outer parts of the image contain coolant tubes, load connections, etc. Right: Magnification of central part

MEA.

Dry Cell, at 70°C Wet Cell, 30% humidity at 70°C
Figure 5.6.2 Left: Processed image from scintillator detector dried at 70°C with N, to purge water from

the channels. Right: Processed image of the cell with 30% humidity The MEA is located in the square region in
the middle of the image. High intensities indicate thicker water regions (red color). The color mapping helps to

show changes in water content, not easily resolved in gray scale images of the human eye just as in the figure

5.6.1.
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fuel cell dried at 70°C fuel cell 30% humid at 70°C

Figure 5.6.3 Left: Processed image of MEA applying 0 current density dried at 70°C. Right: Processed
image of MEA with 30% humidity at 70°C. There is a difference in images, which are clearly visible. Bright areas
represent high neutron fluxes and dark areas low. Areas of high water concentration create a darker region in the

image. The yellow line represents the line profiles along the width of the MEA to extract intensity value.
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Figure 5.6.4 A comparison of intensities versus the line-profile between the dry fuel cell sample, at 70°C
and 30% humidified both at 70°C applying 0A current.

5.7  Fuel Cell - humidity 90% (2A und 6A applied current)

Measurements continued systematically next day under different conditions for the stationary fuel
cell. The fuel cell was supplied with 90% humidity, applying 2A current at 70°C to the inner membrane of
MEA, applying 6A current under the same humidity and temperature conditions. The fuel cell station could
provide accurate flow rates of hydrogen and oxygen as well as humidity values inside the fuel cell membrane
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for this experiment. Before images were taken, the fuel cell was operated under the given conditions for 2
hours to stabilize.

By choosing the area along yellow line profiles in figure 5.7.1 for density analysis one integrates 5 x 5 pixels
in the imaging plate (200 um resolution). Water starts to accumulate down in the lower channels (see the
marked area).

The diagrams in figure 5.7.2 represent intensities for 2A and 6A density respectively current for 90% relative
humidity applied inside the fuel cell membrane (left) and the water density created inside under these
conditions (right).

Water density is calculated applying the formulas (5.4.1), (5.4.2) and (5.4.3); Ap is calculated applying
formula (5.4.5), (for the region defined from the yellow lines); Ap is calculated applying formula (5.4.5),
where intensity values for 2A applied current, 90% applied humidity (inside membrane of the fuel cell) are

taken as l4y. Thus the reference intensity is: Ly, 2.4 902wer

1

_ T wet,6A4,90%wet
water — Ji
dry,2 4,90%wet

The average water density created inside the MEA is: <p>=0.01143 g/cm’+ Ap ~ 0.00376 g/cm’. A change
of water is present in MEA; the water flows into the channels of the MEA. The images and their analyses are

given below:

Table 5.7 summarizes the water density value of PEM fuel cell with 90% humidity applying 2A, 6A current
density.

Cell Humidity =~ Current density =~ Water density Uncertainty
(%) (A) <p>(glem’)  Ap (g/em))
90 2
90 6 0.01143 0.00376
Table 5.7 Summary of water density values created inside the PEM fuel cell.
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Intensity (counts)

2A current, 90% humid fuel cell 6A current, 90% humid fuel cell

Figure 5.7.1 Left: Processed image of fuel cell applying 2A current with 90% humidity at 70° C. Right:
Processed image of fuel cell applying 64 current density with 90% humidity at 70°C. There is a difference in water
content. Bright areas represent high neutron fluxes and dark areas low. Areas of high water concentration create
a dark region in the image. Water starts to accumulate on the cathode side of the MEA, right side of the cathode
inlet (e.g. see the marked area). The contrast and colors of the raw images ware enhanced only for presentation

and doesn 't affect the quantitative analysis.
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Figure 5.7.2 Left: A comparison of intensity counts versus horizontal line profile of the fuel cell

membrane with 90% humidity, applying 24 (black line) and 6A4 (ved line) current at 70°C. Right: Water density
inside the fuel cell for 64 applied current density supplied with 90% humidity (where 24 intensity counts are taken
as 1qy). Error bars for each density values in the diagram are calculated using (5.4.5) formula. Applying T-test
distribution, the red line (center region) indicates the average water density created inside the MEA: <p> =

0.01143 g/em’® +0.00376 g/em’.
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5.8  Fuel Cell - humidity 30% (2 and 6 A applied current)

A new stationary fuel cell was prepared by TU Graz team and measured at NR II station at
Atominstitut. The cell was operated at different current densities 2A and 6A and for each current density the
test was done at 30% relative humidity value. Exposure time was 500 seconds. The processed images are
presented in figure 5.8.1. By choosing the area between yellow lines we could plot intensity counts like
shown in figure 5.8.2 (left) and the water density created inside a fuel cell for 6A applied current density at
30% humidity (black points, right).

Because we couldn’t have a totally dry membrane of MEA, water density is calculated applying the formulas

(5.4.1), (5.4.2) and (5.4.3); Ap is calculated applying formula (5.4.5), where intensity values for 2A applied

1 0,
current, 30% applied humidity (inside membrane of the fuel cell) are taken as I4: 7, ., = e, 04, 30%wet,

water I
dry,24,30% wet

The water density data sets were tested for T-test distribution.

The red line (center region, figure 5.8.2) indicates the average water density created inside the MEA: <p> =
0.01099 g/cm’ + 0.00535 g/cm’.

A T-test distribution of water density values was performed and a significant difference between 2A and 6A

was found.

2A, 30% humid fuel cell 6A, 30% humid fuel cell

Figure 5.8.1 Left: Processed images from fuel cell applying 2A current. Right: Processed images from
fuel cell applying 6A current with 30% humidity at 70°C. There is a difference in water content. Bright areas
represent high neutron fluxes and dark areas low. Areas of high water concentration create a dark region in the

image.
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Figure 5.8.2 Left: A comparison of intensity counts versus horizontal line profile of the fuel cell

membrane with 30% humidity, applying 2A (black line) and 64 (red line) current at 70°C. Right: Water density
present inside the fuel cell membrane for 64 applied density current supplied with 30% humidity (Where 24
intensity counts are taken as ly,). Error bars for each density values in the diagram are calculated using (5.4.5)
formula. Applying T-test distribution, the red line (center region) indicates the average water density created

inside the MEA: <p> = 0.01099 g/cm” + 0.00535 g/cm’.

5.9  Fuel Cell - humidity 30% (2 and 8.5A applied current)

New measurements were performed by increasing the density current from 6A to 8.5A for 30%
humidity applied inside the fuel cell. The processed images are shown in the figure 5.9.1. The diagram in
figure 5.9.2 represents the intensity for 2A and 8.5A density current (left). The next diagram represents and
water density created inside under these conditions (black points, right).

In figure 5.9.3 the intensities for all measured current densities (humidity 30%) are put together for
comparison.

In figure 5.9.4 water densities values for 6A and 8.5A (humidity 30%) are put together for comparison.

The water density is calculated applying the formulas (5.4.1), (5.4.2) and (5.4.3); Ap is calculated applying

formula (5.4.5), ), where intensity values for 2A applied current, 30% applied humidity (inside membrane of

1 "
the fuel cell) are taken as Iyy: 7, = M

dry,2 4,30% wet
The red line (center region) indicates the average water density created inside the MEA <p> = 0.03473 g/cm’

+0.01021 g/em’ referring to the diagram in figure 5.9.2.
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2A, 30% humid fuel cell 8.5A, 30% humid fuel cell

Figure 5.9.1 Left: Processed images from fuel cell applying 24 current. Right: The processed images
Sfrom fuel cell applying 8.54 current with 30% humidity at 70°C. There is a significance difference in water
content. Bright areas represent high neutron fluxes and dark areas low. Areas of high water concentration create

a dark region in the image. Water starts to accumulate on the cathode side of the MEA.
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Figure 5.9.2 Left: A comparison of intensity counts versus horizontal line profile of the fuel cell

membrane with 30% humidity, applying 24 (black line) and 8.5A4 (red line) current at 70°C. Right: Water density
present inside the fuel cell membrane for 8.54 applied density current supplied with 30% humidity (where 2A
intensity counts are taken as ;). Error bars for each density values in the diagram are calculated using (5.4.5)
Jformula. Applying T-test distribution the red line (center region) indicates the average water density created

inside the MEA: <p> = 0.03473g/cm’® + 0.01021 g/cm’.
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Figure 5.9.3 A comparison of intensity the horizontal line profile between the fuel cell sample with 30%

humidity applying 24 (black line), 64 (red line) and 8.54 (blue line) current at 70°C.

From all analysis done with °Li scintillator water starts to accumulate in the right side of the image to the
cathode inlet, which is clearly visible in the marked area like is shown in figure 5.9.1 and in the water density
plot, figure 5.9.4.
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Figure 5.9.4 Water density inside fuel cell. Black data points represent the water density for 64, 30% wet

fuel cell membrane (where 2A intensity counts values are taken as 1,.). Applying the T-test distribution, the red
line indicate the average water density: <p>g4 o905 wet =~ 0.01099 g/cm3 + 0.00535 g/cmj. Blue data points
represent the water density for 8.54, 30% wet fuel cell membrane (where 2A intensity counts values are taken as
Lay). Applying the T-test distribution, the pink line indicates the average water density: <p>gs4 992 wee = 0.03473
glem’ £0.01021 g/em’ (at level 0.05, the difference between the averages of the water densities populations differs

significantly from the test difference).
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The diagram in figure 5.9.5 represents the water difference created inside the fuel cell for 30% humidity
while applied current is increased from 6A to 8.5A, (where 2A intensity counts values are taken as l4y). The

error for each water density value is calculated from the formula:

Sp=(Ap,)* +(Bps,)’ (5.4.6)

Where: Ap,, Apgs, are the error values for water density values: 2, , and Apy s, calculated from the

formulas (5.4.4) and (5.4.5) respectively and 3o is the tolerance interval (three standard deviations account).
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Figure 5.9.5 Water difference created inside the fuel when the current density is increased from 24 to
8.54 for constant humidity of 30%. Error bars are calculated using the formula (5.4.6) where uncertainty is given

with 3o standard deviation interval.

T _ Iwet,S.SA,SO%Wet

water ~

If we take 6A current intensity counts as Iy, value, applying: , than we obtain the

dry,6.4,30%wet
water density value of: <p>=0.02374 g/cm’ + 0.00712 g/cm’ as it is shown in figure 5.9.6, black points (red
line, center region. Applying the T-test distribution for this given data at 0.05 level, the difference between

the averages of the water density population differs significantly from the test difference).

The diagram in figure 5.9.7 represents the water difference created inside the fuel cell for 30% humidity

applying 8.5A current density, where 2A and 6A intensities counts are taken as 4. The error for each water

density value is calculated from (5.4.6) formula, Where: AP, ,, Ape,, ApPgs, are the error values for

water density values: 0, ,, P¢ and ApPgs,, which are calculated from the formulas (5.4.4) and (5.4.5)

respectively and 3o is the tolerance interval (three standard deviations account).
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Figure 5.9.6 Water density inside fuel cell. Black data points represent the water density for 8.54, 30%
wet fuel cell membrane where 64 intensity counts values are taken as 1,,. Applying the T-test distribution, the red
data points (central region) represent the average water density: <p> s, opo; wet = 0.02374 g/em’ + 0.00712 g/em’.
The blue data points represent water density where 24 intensity counts are taken as I;,. Applying the T-test

distribution, the pink data points (central region) indicate the average water density: <p>gs4 909 wer = 0.03473

glem® +0.01021 g/em’
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Figure 5.9.7 Water difference created inside the fuel cell membrane for the applied current density of 8.54

Sfor constant humidity value of 30% where, 64 intensity counts values are taken as 1,., 24 intensity counts values
are taken as ly,,. Evror bars are calculated using the formula (5.4.6) where uncertainty is given with 3o standard

deviation interval.
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Table 5.9 summarizes the water densities values of PEM fuel cell with 30% humidity applying 2A, 6A and

8.5A current density and the diagram in figure 5.9.7 shows the water density increase versus applied current
density.

Cell Humidity =~ Current density =~ Water density

Uncertainty
(%) (A) <p> (g/em’) Ap (g/em’)
30 2 0.01099 0.00535
30 6 0.02374 0.00712
30 8.5 0.03473 0.01021

Table 5.9 Summary of water density values created inside the PEM fuel cell.

If we consider only the current density factor clearly is seen that more water is created when we increase

current density inside MEA in the fuel cell membrane, where, the humidity value is kept constant like is
shown in figure 5.9.8.

——Linear fit

Current density (A)

Figure 5.9.8 The water density versus current density. From the fitting data we expect a water density

increase of 0.00375 + 1.80623-10"g/cm’ increasing the current density from 24 to 64 and to 8.5A.

Using this method water can be detected and quantified. From intensity and water density profile diagrams in

figures presented above it is clearly visible that water starts to accumulate in the right side of the image of
the cathode inlet.

Water visualization and in PEM fuel cells provides detailed information about water transport in the gas flow
channels.
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5.10 Fuel Cell - humidity 90% (0 and 2 A applied current)

A new set of measurements was performed by increasing the humidity inside the MEA in fuel cell,
operated at different current densities 0A, and 2A. For each current density the test was done at 90% relative

humidity value. The processed images are shown in the figure 5.10.1.

The diagram in figure 5.10.2 represents intensity for OA and 2A density current (left). The next diagram
represents the water density created inside under these conditions (black points, right).
Water density is calculated applying the formulas (5.4.1), (5.4.2) and (5.4.3); Ap is calculated applying

formula (5.4.5), where intensity values for OA applied current, 90% applied humidity (inside membrane of

1 0
the fuel cell) are taken as Iyy: T, = —ce2L20%net

water I
dry,0A4,90% wet

The average water density created inside the MEA: <p> ~ 0.00597 g/cm’ + 0.00467 g/cm’ referring to the
diagram in figure 5.10.2.

0A, 90% humid fuel cell 2A, 90% humid fuel cell

Figure 5.10.1 Left: Processed images from fuel cell applying 0A current. Right: Processed images from
fuel cell applying 24 current with 90% humidity at 70°C. There is a difference in water content. Bright areas
represent high neutron fluxes and dark areas low. Areas of high water concentration create a dark region in the

image.
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Figure 5.10.2 Left: A comparison of intensity counts versus horizontal line profile of the fuel cell

membrane with 90% humidity, applying 0A (black line) and 2A (red line) current at 70°C. Right: Water density
present inside the fuel cell membrane for 2A applied density current supplied with 90% humidity (where 0A
intensity counts are taken as ly,). Error bars for each density values in the diagram are calculated using (5.4.5)
formula. Applying T-test distribution the red line (center region) indicates the average water density created

inside the MEA: <p>34 9po;wer = 0.00597 g/cm3 +0.00467 g/cm3.

5.11 Fuel Cell - humidity 90% (0 and 6 A applied current)

The neutron images performed with °Li scintillator for 6A applied density current for 90% humidity
inside fuel cell are presented below. The processed images are shown in the figure 5.11.1. The diagram in
figure 5.11.2 represents intensity for 0A and 6A density current for 90% relative humidity applied inside the
fuel cell (left). The next diagram represents and water density created inside under these conditions (black
points, right).

Water density is calculated applying the formulas (5.4.1), (5.4.2) and (5.4.3); Ap is calculated applying
formula (5.4.5), where intensity values for OA applied current, 90% applied humidity (inside membrane of

1

. _ “wet,64,90% wet
the fuel cell) are taken as Iary: 7., = —I .

dry,04,90%wet

The average water density created inside the MEA <p> = 0.03251 g/cm’® + 0.00987 g/cm’ referring to the
diagram in figure 5.11.2.

In figure 5.11.3 the intensities for all measured current densities (humidity 90%) are put together for

comparison.
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0A, 90% humid fuel cell 6A, 90% humid fuel cell

Figure 5.11.1 Left: Processed images from fuel cell applying 0A current. Right: Processed images from
Juel cell applying 6A current with 90% humidity at 70°C. There is a difference in water content which is clearly
visible. Bright areas represent high neutron fluxes and dark areas low. Areas of high water concentration create a

dark region in the image in the marked area. Water starts to accumulate on the cathode side of the MEA.
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Figure 5.11.2 Left: A comparison of intensity counts versus horizontal line profile of the fuel cell

membrane with 90% humidity, applying 04 (black line) and 6A (red line) current at 70°C. Right: Water density
present inside the fuel cell membrane for 64 applied density current supplied with 90% humidity (where 0A
intensity counts are taken as ly,). Error bars for each density values in the diagram are calculated using (5.4.5)
formula. Applying T-test distribution the red line (center region) indicates the average water density created

inside the MEA: <p> = 0.03251 g/em’ + 0.00987 g/cm’.
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Figure 5.11.3 Comparison of intensity versus the horizontal line profile between the fuel cell sample with
90% humidity applying 04 (black line), 2A4 (red line) and 64 (blue line) current at 70°C.

In figure 5.11.4 the water density values for 2A and 6A applied current density under 90% humid membrane
are put together for comparison. Figure 5.11.5 represents water density difference under these conditions
(referring to the diagram 5.11.4). At level 0.05, the difference between the averages of the water densities

population differs significantly from the test difference.
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Figure 5.11.4 Water density inside fuel cell. Black data points represent the water density for 24 for 90%
wet fuel cell membrane (where 04 intensity counts values are taken as lg,). Applying the T-test distribution, the
red line indicates the average water density: <p>j4 99 wer = 0.00597 g/cm3 + 0.00467 g/cm3. Blue data points
represent the water density for 64 for 90% wet fuel cell membrane (Where 0A intensity counts values are taken as

Lay). Applying the T-test distribution, the pink line indicates the average water density: <p>g4 9995 wet = 0.03251
glem’ +0.00987 g/em’.
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Figure 5.11.5 Water difference created inside the fuel when the current density is increased from 0A to 64

for constant humidity of 90%. Error bars are calculated using the formula (5.4.6) where uncertainty is given with

3o standard deviation interval.

[ 0,
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density value of: <p>=0.01757 g/cm’ + 0.01043 g/cm’ as it is shown in figure 5.11.6, black points (red line,
center region). Applying the T- test distribution for this given data at 0.05 level, the difference between the
averages of the water density population differs significantly from the test difference).
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Figure 5.11.6 Water density calculated created in fuel cell for 64 applied density current for 90% humidity.

The black data points represent the average water density where 1y, is taken for 04 applied current. Applying the

T test distribution, the red line indicate the average water density: <p>g4 999 wer =~ 0.03251 g/cm3 + 0.00987.
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Applying the T-test distribution, the pink data points represent the average water density where 1, is taken for 24
applied current blue data points: <p> g4, 9905 wer = 0.01757 g/cm3 +0.01043 g/cm3.

The diagram in figure 5.11.7 represents the water difference created inside the fuel cell for 90% humidity
applied current for applying 2A and 6A current density. The error for each water density value is calculated

from the formula (5.4.6), where I is taken for OA and 2A applied current.
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Figure 5.11.7 Water difference created inside the fuel when the current density is increased from 24 to 64
Jor constant humidity value of 90% (where Iy, is taken for 04 and 2A4 applied current). Error bars are

calculated using the formula (5.4.6) where uncertainty is given with 3o standard deviation interval.

Table 5.10 summarizes the water densities values of PEM fuel cell with 90% humidity applying 0A, 2A and
6A current density. These values are derived from neutron images performed with °Li scintillator with 200
um resolution. If we consider only the current density factor is seen that more water is created when we

increase current density inside MEA in the fuel cell where the humidity value is kept constant.

Cell Humidity =~ Current density =~ Water density Uncertainty

(%) (A) <p>(glem’)  Ap (g/em’)
90 0 0.00597 0.00467
90 2 0.01757 0.01043
90 6 0.03251 0.00987
Table 5.10 Summary of water density values created inside the PEM fuel cell (the red color corresponds

to the water density measurement value represents in 5.7 section).
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The data from table 5.11 are plotted in the diagram like is shown in figure 5.11.8.
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Figure 5.11.8 The water density increase versus current density. From the fitting data we expect a water

density increase of 0.00449 g/cm’ (red dot) increasing the current density from 0A to 24 to 6A.

Table 5.11 summarizes the water density value for 6A applied current under different humidity values 30%
and 90% applied inside the PEM fuel cell. If we consider only the humidity factor clearly is seen that more

water is created when we increase the humidity inside MEA in the fuel cell where the current density is

constant.

Cell Humidity Current density Water density Uncertainty
(%) (A) p (g/em’) Ap (g/em’)
30 6 0.01099 0.00535
90 6 0.01757 0.01043
Table 5.11 Summary of water density values created inside the PEM fuel cell.

The diagram in figure 5.11.9 shows the plotted data of the water density created inside MEA versus applied
current for 30% and 90% applied humidity.
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Figure 5.11.9  The water density versus current density. From the fitting data we expect a water density
increase of 0.00375 + 1.80623-10"g/cm’ for 30% humidity and 0.00449 g/em’® + 4.36026-107 for 90%
humidity.

From all analysis done with °Li scintillator water starts to accumulate to the lower part of the channels on the
cathode side of the MEA like is shown in figure 5.11.1 (see marked area) and from the density profile like is
shown figure 5.11.4.

5.12 Quantification and Visualization with IP-ND Detector.

The first transmission measurements of the stationary fuel cell sample were done with Imagine
Plate—Neutron Detector (IP-ND). This detector offers us a much better resolution compared with scintillator
detector. The measurement lasted for 50 min exposure time, at full 250 kW reactor power. The fuel cell was
not completed dried and was measured at room temperature. After having an image of the fuel cell at room
temperature we started the drying process of the sample with N, while heating the fuel cell up to 70°C. The
IP-ND was placed 30 cm from the neutron beam like is shown in figure 5.5.2, which has a diameter of 9 cm.
Exposure time of 50 min was followed by 10 min scanning time (25 pm pixel size) and 30 min erasing time.
As scanning parameters with best signal-to-noise ratio at 25 pm resolution we chose the highest gradation
(16 bit) and sensitivity S4000 at level L5. The scanned images were stored as Fuji-img file format and then
further processed with Image-Pro Plus 6 (Media Cybernetics). The logarithm of the detected PSL signals is
converted to unsigned 16 bit data yielding a full image size of 160 Mb.

The IP-ND images (the figures 5.12.1) provide a much sharper picture with higher sensitivity, compared

with °Li scintillator images. The better spatial resolution of the imaging plates allows us to have more precise
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density values. Figure 5.12.2 represents processed images. The diagrams from figure 5.12.3 represent

intensity per pixel for the whole width of the MEA membrane for humid and dry case.

Figure 5.12.1 Left: Raw image of the fuel cell, radiography image of an operating fuel cell done with IP-
ND (25 x 25 um’ resolution). The MEA is located in the centre of the image. The outer parts of the image contain
coolant tubes, load connections, etc. Right: Processed image of the MEA. Water is easily seen in lower flow
channels. Low intensities (dark regions) indicate thicker water regions. The different gray levels correspond to

different amounts of water. The darker the gray level of the pixel, the more water is present.

humid fuel cell dry fuel cell

Figure 5.12.2 Left: The processed wet image of the fuel cell done with IP-ND detector. Low intensities
indicate thicker water regions (red color). Right: Processed image of the fuel cell dried at 70°C with N, which
helps to purge water from channels. Color mapped images are only used to enhanced qualitative analysis and do

not affect quantitative analysis.
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Figure 5.12.3 Link: This diagram shows the intensity for stationary fuel cell versus horizontal line-profile

at room temperature. Right: This diagram shows the intensity versus horizontal line-profile of the membrane MEA
for dried fuel cell at 70°C. If we compare intensity counts left/right clearly, we see water loss after drying process

with nitrogen gas.

5.13 Fuel Cell - humidity 90% (6 and 8.5 A applied current)

The last series of neutrons radiography images were done applying 6A and 8.5A current. During
operation the cell was supplied with 90% humidity at 70°C like is shown in figure 5.13.1. Figure 5.13.2
shows the processed images: water starts to accumulate to the low part of the channels (see marked area pink
color). The fuel cell sample was placed as close as possible to the imaging plate. The diagram in figure
5.13.3 represents intensity for 6A and 8.5A density current respectively for 90% relative humidity. The

diagram in the figure 5.13.4 represents and water density created inside under these conditions.

Figure 5.13.1 Left: Raw image of the stationary fuel cell by applying 6Acurrent with 90% humidity of the
inner membrane. Right: Raw image fuel cell sample by applying 8.54 current with 90% humidity of the MEA.
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The water density is calculated applying the formulas (5.4.1), (5.4.2) and (5.4.3) where intensity values for

1
8.54,90%
T, . ==—2t2222  The average water

water

the fuel cell 90% humid applying 6A current are taken as Iy 7
dry,64,90%wet

density created inside the MEA is: <p>=0.0303 g/cm’ + 0.0025 g/cm’.

applying 8.5A, 90% humid cell

applying 6A, 90% humid cell

Figure 5.13.2 Left: Processed images from MEA of fuel cell applying 64 current. Right: Processed images
from fuel cell applying 8.5A4 current with 90% humidity at 70°C. Bright areas represent high neutron fluxes and
dark areas low. Areas of high water concentration create a dark region in the image. Water starts to accumulate

on the cathode side of the MEA. There is a difference in water content is clearly visible (marked area).
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Figure 5.13.3 A comparison of intensity versus the horizontal line profile between the fuel cell sample

(vellow lines, figure 5.13.2) with 90% humidity applying 64 and 8.54 current at 70°C.
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Figure 5.13.4 Water density inside the fuel cell for 8.5A applied current density supplied with 90%
humidity. Applying T-test distribution the red line (center region) indicates the average water density created

inside the MEA: <p> = 0.0303 g/cm’ + 0.0025 g/cm’.

Table 5.13 summarizes the water density value of PEM fuel cell with 90% humidity applying 6A, 8.5A

current density. This value is derived from measurements done with IP-ND.

Cell Humidity =~ Current density ~ Water density Uncertainty
(%) (A) p (g/em’) Aprer ()
90 6
90 8.5 0.0303 0.0025
Table 5.12 Summary of water density values created inside the PEM fuel cell for

measurements done with IP-ND.

As mentioned above the fuel cell station could provide accurate flows of hydrogen and oxygen and humidity
as well inside the fuel cell. For this experiment usual this process took at least about 2 hours to have a stable
regime, but often the fuel cells were not showing the proper values and due to very long exposure time in
case of using IP-ND a lot of measurements were lost. Other factors are the limited operation time of the

reactor provided for these kinds of measurements.
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5.14 Summary

Neutron imaging has proven to be a valuable tool to visualize operating stationary fuel cell. Neutron
radiography is a useful technique to detect and quantify the water content inside a membrane electrode
assembly (MEA). The NR II station at ATI in Vienna has provided images which spatial resolution 200 um
for °Li scintillator with CCD camera and 50 pm for IP-ND that are useful to quantify water distribution
during fuel cell operation. Experiments were done for three different applied current values 2A, 6A and 8.5A
and two relative humidity values: 30% and 90% necessary for cathode inlet. It was observed that for 90%
fully humidified conditions the water content is increased with increasing current density.

These experiments and NR images technique provide a way to investigate liquid water created in anode and
the cathode and will provide new prediction and control in water management in fuel cells. Knowing where

water accumulates with more certainty helps us to understand the water transport in PEMFC.

From all the graphs it can be seen that current and humidity have a detectable influence on water quantity
created inside of MEA. The higher the applied current for a given level humidity membrane, the higher is the
water content and therefore the lower is the transmission. The analysis of the water density was done in
applying different current relative to humidity of the fuel cell. A line profile was taken along the width of the
MEA (yellow line) to extract intensity values. The water density was calculated and plotted relative to the

cell width. Higher water density values correspond to lower intensity values and therefore higher absorption.

Fuel cell neutron experiments were performed with scintillator detector at selected relative humidity 30%
under different applied current densities: 2A, 6A and 8.5A. From our experiment the obtained data for 6A
applied current at 30% humidity value, the average water density is: <p> ~ 0.01099 g/cm’ and for 8.5A
applied current, at 30% humidity the average density is: <p> ~ 0.03473 g/cm’. Clearly we see that for a
constant humidity value of 30%, the current density significantly influences the water content and water

distribution inside MEA referring to Table 5.9.

Results we also obtained for measurements performed at 90% humidity under 0A, 2A and 6A applied current
0.00597
glem’, <p> ~0.01757 and for 6A applied current at 90% humidity the average density is <p> ~ 0.03251

densities. For OA and 2A applied current at 90% humidity value the average density are: <p>

4

U

g/cm’ referring to Table 5.10.

Humidity also plays an important role and more humidity we applied more water flows inside the channels

of the MEA. I, is not Iy, because we couldn’t have a totally dry membrane of MEA; for example we have
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wet ,max currentin,90% wet

taken the ratio: T =

water = where [ 4y Tepresents the intensity of the minimum applied

dry,min current,90% wet
current at a given humidity value (high intensity counts). From the intensity counts, we could calculate the

(average) value of the water density p . .

If we consider humidity only, we clearly see that more humidity we apply to the MEA more water is created
inside the membrane. If we compare the density values for 30% humidity values for 6A applied density
current we have average density: <p>390; 54 ~ 0.01099 g/cm’ and for 90% humidity values for 6A applied
density current: <p>gps; 54 ~ 0.01757 g/cm’ referring to Table 5.11. The results indicate that humidity plays

a significant role in water distribution and density created inside MEA.

The average water density for measurements done with IP-ND, for 6A and 8.5A applied density current with

90% relative humidity applied inside the fuel cell is: <p> = 0.0303 g/cm’ (see Table 5.12).

In all measurements and from all graphs it can be seen that more current we applied for a constant humidity
more water is created, referring to figures 5.9.8, 5.11.8 and 5.11.9. Increasing the current density with 1A we
expect a water density increase of 0.00375 + 1.80623-107 g/em’ for 30% humidity and 0.00449 g/cm’ +
4.36026-10" g/cm’ for 90% humidity.

The best image of the inner structure of the MEA was acquired with neutron imaging plate (see figure
5.12.1) in which the spatial resolution cannot compete with scintillator detector. Although IP-ND detector
offers us a better resolution and higher efficiency to localize water, the poor reproducibility of the IP-ND we
lost a lot of measurements. The Triga reactor offers us not a high neutron flux, which is was another
drawback for these kinds of measurements.

Another problem that we faced during measurements was fuel cell itself. Often the applied current was not

showing the expected values, consequently such values, so the fuel was not working in the proper way.
These experiments and NR images technique provide a way to investigate liquid water created in anode and

the cathode and will provide new prediction and control in water management in fuel cells. Knowing where

water accumulates with more certainty helps us to understand the water transport in PEMFC.
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Chapter 6 Heat Exchanger Radiography

6.1 Introduction

A heat exchanger is a piece of equipment built for efficient heat transfer from one medium to
another. A solid wall to prevent mixing may separate the media or they may be in direct contact. They are
widely used in space heating, refrigeration, air conditioning, power plants, chemical plants, petrochemical
plants, petroleum refineries, natural gas processing, and sewage treatment. The classic example of a heat
exchanger is found in an internal combustion engine in which a circulating fluid known as engine coolant
flows through radiator coils and air flows past the coils, which cools the coolant and heats the incoming air.
Another type of heat exchanger is the plate heat exchanger. One is composed of multiple, thin, slightly
separated plates that have very large surface areas and fluid flow passages for heat transfer. This stacked-
plate arrangement can be more effective, in a given space, than the shell and tube heat exchanger. Advances
in gasket and brazing technology have made the plate-type heat exchanger increasingly practical. In HVAC
applications, large heat exchangers of this type are called plate-and-frame; when used in open loops; these
heat exchangers are normally of the gasket type to allow periodic disassembly, cleaning, and inspection.
There are many types of permanently bonded plate heat exchangers, such as dip-brazed, vacuum-brazed, and
welded plate varieties, and they are often specified for closed-loop applications such as refrigeration. Plate
heat exchangers also differ in the types of plates that are used, and in the configurations of those plates.
Some plates may be stamped with "chevron", dimpled, or other patterns, where others may have machined

fins and/or grooves [wikipedia.org/wiki/Plate heat exchanger].

6.2  Design of Plate and Frame Heat Exchangers

The plate heat exchanger (PHE) is a specialized design well suited to transferring heat between
medium- and low-pressure fluids [www.lifetime-reliability.com]. Welded, semi-welded and brazed heat
exchangers are used for heat exchange between high-pressure fluids or where a more compact product is
required. In place of a pipe passing through a chamber, there are instead two alternating chambers, usually
thin in depth, separated at their largest surface by a corrugated metal plate. The plates used in a plate and
frame heat exchanger are obtained by one piece pressing of metal plates. Stainless steel is a commonly used
metal for the plates because of its ability to withstand high temperatures, its strength, and its corrosion
resistance. The plates are often spaced by rubber sealing gaskets, which are cemented into a section around
the edge of the plates. The plates are pressed to form troughs at right angles to the direction of flow of the
liquid, which runs through the channels in the heat exchanger. These troughs are arranged so that they
interlink with the other plates, which, forms the channel with gaps of 1.3-1.5 mm between the plates. The
plates produce an extremely large surface area, which allows for the fastest possible transfer. Making each
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chamber thin ensures that the majority of the volume of the liquid contacts the plate, again aiding exchange.
The troughs also create and maintain a turbulent flow in the liquid to maximize heat transfer in the
exchanger. A high degree of turbulence can be obtained at low flow rates and high heat transfer coefficient
can then be achieved. A plate heat exchanger consists of a series of thin, corrugated plates, which are

mentioned above and is shown in the figure 6.2.1.

™%

7

Figure 6.2.1 Conceptual diagram of a plate heat exchanger.

These plates are gasketed, welded or brazed together depending on the application of the heat exchanger.
The plates are compressed together in a rigid frame to form an arrangement of parallel flow channels with
alternating hot and cold fluids. As compared to shell and tube heat exchangers, the temperature approach in a
plate heat exchangers may be as low as 1°C whereas shell and tube heat exchangers require an approach of
5°C or more. For the same amount of heat exchanged, the size of the plate heat exchanger is smaller, because
of the large heat transfer area afforded by the plates (the large area through which heat can travel). Increase
and reduction of the heat transfer area is simple in a plate heat-exchanger, through the addition or removal of
plates from the stack [Paulos, 2013], [www.gea-phe.com].

Figure 6.2.2 shows how a plate heat exchanger PHE works. The heat energy transfer across the plate acts to
change the temperatures of the two media. The hotter one becomes cooler, and the colder one becomes
hotter.

One media (red color) enters at a top flows through every other channel, than leaves at the bottom; The other
media enters at the bottom, flows through remaining channel then leaves at the top. Plate heat exchangers use
the thin plates to keep two media of different temperatures apart while allowing heat energy to flow between

them through the plate [www.gea-phe.com].
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Figure 6.2.1 The heat exchanger that uses multiple layers of plates [www.gea-phe.com].

Figure 6.2.3 (left) shows a cross section of the plates. Because of plate thinness, a plate heat exchanger can
work with a much closer temperature difference between the two media than other heat exchangers and still
get a good heat transfer at lower flow rates, thereby saving pumping and operational costs. It is possible to
cool a liquid down to nearly 1°C of the hot medium. Heat recovery of up to 85% to 90% is quite common,
making the plate heat exchanger the most efficient heat exchanger for heat recovery, particularly for

applications where the temperature difference between the media is small.

Figure 6.2.2 The heat transfer plate where plates are used to transfer the heat from the media on

one side of the media to the media on the other side [www.gea-phe.com].
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6.3  Heat Pump

A heat pump is a device that transfers heat energy from a heat source to a heat sink against a
temperature gradient [wikipedia.org/wiki/Plate heat exchanger]. Heat pumps are designed to move thermal
energy opposite the direction of spontaneous heat flow. A heat pump uses some amount of external high-
grade energy to accomplish the desired transfer of thermal energy from heat source to heat sink. While
compressor-driven air conditioners and freezers are familiar examples of heat pumps, the term “heat pump”
is more general and applies to HVAC devices used for space heating or space cooling. When a heat pump is
used for heating, it employs the same basic refrigeration-type cycle used by an air conditioner or a
refrigerator but in the opposite direction, releasing heat into the conditioned space rather than the
surrounding environment. In this use, heat pumps generally draw heat from the cooler external air or from
the ground.

Heat Pumps and absorption heat pumps are an important and promising technology to decrease energy
consumption regarding heating and cooling and increase overall efficiencies of industrial processes. To
further develop these technologies it is important to understand two-phase flow regimes in heat exchangers,
in particular plate heat exchangers. For that an experiment was set up at the Vienna University of
Technology, where a small plate heat exchanger was analysed by neutron radiography to visualize two-phase

regimes inside.

6.4  Neutron Radiography of a Plate Heat Exchange

The heat exchanger is commercially available at Alpha Laval Company and consisted of 20 sheets of metal
with about 20 cm height and 7 cm width see figure 6.4.1. Plate heat exchangers provide efficient heat
transfer with a small footprint. They are maintenance free, provide a long service lifetime and can withstand
high temperatures and extremely high design pressures. They are used in a range of duties including cooling,
heating, and evaporation and condensing [www.alfalaval.de].

The material of the heat exchanger was stainless steel brazed with nickel and working fluids flow through the
gaps between plates. A commercial plate heat exchanger was visualized by thermal neutron radiography as a
non-destructive method. Flow visualization images were conducted at NR II station at TRIGA reactor in
Atominstitut ATI using 100 um thick scintillator with cooled CCD camera with exposure time 300 seconds.
Neutron beam was directed at the front face (perpendicularly) of the heat exchanger. White spots due to the
direst irradiation were removed using median filters. The heat exchanger was put into the neutron beam with
its connectors facing the beam, so the captured images always show a total value over all 20 plates. Since the
whole setup was only designed as feasibility study there was no measurement of flow rates or temperatures.
The neutron beam consisted of well-thermalized neutrons and had a diameter of 9 cm and a neutron flux of

1.3 x 10° n/cm’s. Three continuous frames with the interval of 2/30 s are shown for each figure.
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Figure 6.4.1 The heat plate exchanger used in the experiment at NR II station at ATI produced from Alpha
Laval Company.

6.5 Results and Discussion

Water and air are used as the working fluids. The difference of a water filled or air filled heat
exchanger is clearly visible as well as the inner structure of the heat exchanger. Water in the channels is
clearly visualized by neutron radiography. Water flow along both sides was also observed. Figures below
show images of the PHE filled with air, whereas the images are realized with °Li scintillator with 300 sec
exposure time. Figure 6.5.1 shows the inner structure of the dry heat exchanger (only air is flowing). Figure
6.5.2 shows the plate heat exchanger PHE, filled with water. Water in the channels is clearly visualized by
this detector. Figure 6.5.3 shows the inner structure and clearly we can see that water is not flowing in a
uniform way inside plate heat exchanger (see marked area). Non homogeneous liquid distribution was
clearly shown (see figure 6.5.3). Only one side (primary) of the heat exchanger was connected and filled
with water, whereas the other (secondary) side was left unconnected and thus dry. A few centimetres away
from the connector there was a T piece to mix water with air to generate two-phase regimes (water/air) in the

heat exchanger (see figure 6.4.1)
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Figure 6.5.1 Left: Dry heat exchanger image; the visualized image is made using °Li scintillator with
cooled CCD camera. Right: The inner structure of the plate heat exchanger made by brazing sheets of

stainless steel.
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Figure 6.5.2 Left: The heat exchange filled with water. Water and air were used as fluids. Darker parts
show thicker liquid thickness. Left: Intensity versus horizontal line profile of the PHE where water flows inside

the marked area shows a non-homogeneous water distribution inside the PHE.

In the application for gas—liquid two- phase mixture the dynamic flow behaviours may strongly affect the

heat transfer performance [Baba, 2009], [Furui, 2004], [Ozawa, 2004]. Water and air are used as the working

fluids. The plate configuration is shown in figure 6.5.3 (left). Figure 6.5.3 (right) shows the inner structure of

the heat exchanger where water and air is flowing simultaneously.

In such a case, flow visualization is very efficient to know and clarify the conditions of the two-phase flow

behaviours [Aasano, 2005].

148



47 §e
2 ;-,',‘ ;* 1300-
')~,‘£¢ ~;
VS
2yady: i
133333 ,\
*})I*;,\ £ 12004
3T 8
232X f; z
1337530 T
“ ER &I’, < o E
SRS $3
“ Ay 1000 +— : ; : :

2 4 6 8 10
Horizontal Profile (cm)

Figure 6.5.3 Left: Water in the channels is clearly visualized by neutron radiography. Water flow along
both sides is observed. Right: Intensity versus horizontal line profile of the PHE where working fluids water

and air flow as two phase mixture.

6.6 Summary

It has been shown that Neutron Radiography NR method can be applied to flow visualization of
water-air which is difficult using other methods. This was a non-destructive test of water-air flows in a plate
heat exchanger and was clearly visualised by this method.

To increase the efficiency of absorption heat pumps it is essential to understand the two-phase regime in heat
exchangers. Furthermore the concentration of solutions which are used in absorption processes, e.g.
NH3/H20 or H20/LiBr, can be determined as a time mean value at a certain point of such a heat exchanger.
With this method it is possible to map the mass transfer, (gas to liquid absorption, liquid to gas evaporation)
which is most important to improve state of the art plate heat exchangers with regard to the absorption and
the evaporation process. Of great interest in the future experiments, it will be using a portable neutron source

which is a very useful system for routine material investigations.
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Chapter 7 Conclusions

Wide ranges of radiograph experiments in various scientific disciplines based on neutron interaction
(mainly absorption) with matter were performed. It has been shown that neutron radiography is a very
efficient, non-destructive method to obtain information about the inner structure of materials of elements of
interest and the presence of inhomogeneities within the sample, Hydrogen quantification and water

distribution. All neutron transmission experiments were carried out at NR II station at ATI.

Detection system at NR II station at Atominstitut is mainly based on °Li- detector in combination with CCD

camera and IP-ND.

By improving the resolution from 340 um to 100 pm for the °Li detector also the efficiency and sensitivity
for these type of detectors was positively influenced. These are important parameters to improve the quality
of radiograph images. With the IP-ND with high resolution (50 um) visualization had been successfully
performed at low neutron flux. The IP-ND offers a much better resolution compared to the °Li scintillator
detector and a higher sensitivity but this set-up does not permit repetitive imaging, which became evident

during neutron radiography experiments with fuel cell samples.

The strong absorbing element like '°B present in steel alloyed sample plates is not homogenously distributed
as boron steel materials are used in neutron shielding, this is a very important feature. The sample plates
(which were produced from Béhler Bleche company) were exposed at a low neutron flux of 1.3 x 10° n/cm’s
and the transmission through plates was measured. Carrying out the neutron transmission experiments of
boron steel alloyed plates gave us the possibility to study: the transmission through strong absorbing
materials, the size and the distribution of boron element inside steel matrix, to estimate and correct secondary
effects like background factor. The estimation and correction of background factor was done and analyzed
with help of neutron transmission experiments through boron polyethylene plates. The size and distribution
of boron present in steel samples was done with help of Monte Carlo simulation method. The good
agreement between transmission experiments through boron steel plates and simulated data allowed us to
make a good estimation: of background contribution and scattering effects, micro inhomogeneity in range of

20 um. These factors have a strong influence on transmission measurements results.

The neutron imaging method was applied to hollow micro spheres filled with hydrogen, which can be used
in the future for hydrogen storage. The data on the hydrogen content obtained for these kinds of sample are
needed to understand better the diffusion process of hydrogen through micro hollow sphere walls, which

depend on several influence factors, like pressure, temperature and glass material.

150



Neutron imaging, as a non-destructive method, allowed us to analyse fuel cells during the operation. This
method was successfully used to visualize and quantify the water distribution inside fuel cells under different
conditions. As neutrons are sensitive to small amounts of water, one can obtain information the amount of

liquid water inside fuel cells in order to have deeper understanding of fuel cell performance.

Further measurements were performed to study the inner structure of plate of heat exchangers. The air-water
phase was clearly and successfully visualized using the NR method. The characteristics of heat exchangers
heavily depend on the water movement inside, where with the NR method it was possible to visualize the
two-phase regime. Liquid water distribution depends on the inner structure of the plate heat exchangers

which can be very good visualized as well with Neutron Radiography method.
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Chapter 9 Appendix A

A-1 MCNPX 2.4.0 version
Cell Cards

An input file has the structure as:
Problem title card
Cell card
Surface card
Data card

Tallies

A-2 Cell Card

The Cell card contains information about the material in the cells, the density of the material used
and the geometry of the cell. This card contains also the information about which particle in the cell is of
importance.

Cell Card has the form:

j m d geom params
where: j — cell number

m — material number

d — material density (a negative entry is interpreted as the mass density in units of g/cm’).

geom — specification of the geometry of the cell

params — specification of cell parameters

All the surfaces of the geometry problem are defined in Surface Card.

A-3  Surface Card

Surface card has the form:
j n a list

where: j — surface number

n — absent or 0 for no coordinate transformation
a — equation

list — 1 to 10, as required
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A-4 Data Card

The Data Card contains information about the source (position, energy, direction etc.) how to detect
and what particles to detect, the material composition of the cell, number of the particles to be simulated and

the appearance of the output file.

A-5 SDEF — General Source Card

This card has the form:

SDEF source variable — specification

Variable Meaning
ERG Energy
PAR Particle type source will emit
POS Reference point for position sampling
RAD Radius of the source
VEC Direction of the particles
DIR Direction of flight
SIn Source information card
SPn Source probability card
SBn Source bias card
DSn Dependent Source Distribution card

A-6  Tallies

The user needs to specify the Tallies, which are used to specify what type of information the user

wants to gain from Monte Carlo calculation. There exist seven basic neutron tally types; tally specifications:

Tally Tally Description Units

Fl:n Number of n particles crossing a surface particles
F2:n Flux averaged over a surface particles/cm’
F4:n Flux averaged over a cell particles/cm”
F5:n Flux at a point or ring detector particles/cm’
F6:n Energy deposition averaged over a cell MeV/g

F7:n Fission energy deposition MeV/g

161



Thus MCNPX is able to simulate (tally) the particle flux, the particle current and the energy deposition over
surfaces, or cells, in the geometry. This information is gained by combination of sub-tallies like: En (tally

energy), Cn (tally cosine), TMn (tally multiplier), FSn (tally segment), etc.

A-7  Material Specification

The Material card Mm specifies both isotopic composition of the material and the cross-section
evaluation to be used in the cells. The Mm card has the form:
Mm ZAID, fraction; ZAID, fraction,
Where: m on the material card corresponds to the material number on the cells card:
ZAID - nuclide identification number
Z. - atomic number of the element or nuclide
A - mass number of the nuclide
Nn - the library identifier
x - class of data fraction — a negative entry is interpreted as weight fraction of the i material.
The units used are:
1. lengths in centimetres (cm)
. energies in MeV
. temperatures in MeV (kT)
. atomic densities in units of atoms (barn/cm)

.. . 3
. mass densities in g/cm

AN O AW

L 24 2
. cross sections in barns (10" cm”)

A-8 How to Run MCNPX

The MCNPX execution line has the following form:
mcnpx file options (file’s name is i=inp.txt).
For plotting, the command is:
menpx ip i=inp.txt ixrz print
To run only MCPLOT and plot tallies after running, the command is: menpx z i=inp.txt print

The most common way to plot cross-section data, the command is: menpx i=inp.txt ixz print

For geometry visualization it is necessary to install the X-ServerDeep/32 program [MCNPX, 2004]; with
such tool the user is able to see the geometry plot of the problem and plot tallies (see figure 3.3.2).
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A-9  Detector Modelling

aionne 15:30:35
© dnput file for 11 seimeilistar ap RTB¥IF
260 g thick

predid < O3/08/20 13:30:37
darse: 1

€ ©.00000F, 2000000, 0.000000)
{0, 000000, 0. 000000, 1. 000000}

€ -aeox o0, L)
extent « (2000, 10.00)

Edit el 6
cotr w4

aymc -10.02, -0, 35K

cunsoR SCALES 0 Celiline

PostScript  ROTATE

corer mat LEVEL

ar 7 ax

LABEL sar ot

ZBODY an

Glick hore or picture or mem

Figure A-1 Geometry configuration of the simulated detector.

All the graphs and geometry were plotted installing X- Deep/32 program.

Input file of the detector

origin

b
3

PSR ERERRYR

The detector is designed as the box with a given volume and the pixel size is 100 um and is modelled by the

data cards:

Input file

Cell cards

34015-16 18 -17 20 -19 fill=1 imp:n=1 § detector
35 0 -23 fill=2 lat=1 u=1 imp:n=1

36 022 -21 lat=1 u=2 imp:n=1

Surface cards

15 px -10.01

16 px -10

17 py 5.51

18 py -5.51

19pz 6

20 pz -6

21 py 0.01

22 py -0.01

23 box -10.04 -10.0 5.510.010000.01 00 0 0.01

Tallies
f04:n (35<35[-25:25 0:0 0:0]<34)t $ flux in detector cells
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de4 &
1.020e-10 1.530e-10 2.110e-10 3.150e-10 4.340e-10 &
5.520e-10 6.480e-10 7.610e-10 8.250e-10 9.680e-10 &
1.050e-09 1.570e-09 2.163e-09 3.220e-09 4.440e-09 &
5.650e-09 6.640e-09 7.780e-09 8.430e-09 9.910e-09 &
1.070e-08 2.210e-08 3.220e-08 4.440e-08 5.650e-08 &
6.620e-08 7.790e-08 8.440e-08 9.900e-08 1.070e-07 &
1.480e-07 2.210e-07 3.270e-07 4.540e-07 5.340e-07 &
6.760e-07 7.360e-07 8.630e-07 9.360e-07 1.010e-06

df4 &
9.999¢-01 9.999¢-01 9.999¢-01 9.997e-01 9.993e-01 &
9.880e-01 9.830e-01 9.770e-01 9.730e-01 9.640e-01 &
9.590e-01 9.260e-01 8.900e-01 8.330e-01 7.780e-01 &
7.320e-01 7.010e-01 6.690e-01 6.520e-01 6.190e-01 &
6.030e-01 4.610e-01 3.960e-01 3.470e-01 3.140e-01 &
2.940e-01 2.750e-01 2.660e-01 2.480e-01 2.390e-01 &
2.080e-01 1.740e-02 1.450e-02 1.250e-02 1.150e-02 &
1.030e-02 9.990e-02 9.920e-02 8.890e-02 8.560e-02.

The DE and DF cards are the multipliers for the °Li detector with 100 pm thick layer. These absorption

coefficients are calculated including all the detector characteristics (the °Li density, energy spectra and ecc).

They represent the absorption rates Age (DF) for the energies DE (in MeV). They are interpolated for the

energy of an incident neutron.

A-10 Collimator Modelling

The conical and the cylindrical part of the thermal column.
Input file of the collimator
Collimator geometry modelling.
Input file for Li scintillator 100 um thick.
Cell cards
201-8.651-2-345 imp:n=1 § collimator 1
212-0.0014 1 -2 -5 imp:n=1
223-2.341-2-45 imp:n=1
234-0.984 2 -6 8 -7 imp:n=1 $ collimator 2
24 1-8.652 -7 -8 9 imp:n=1
253-2.342-710 -9 imp:n=1
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262 -0.0014 2 -7 -10 imp:n=1
270-1-5-10-11 -6 imp:n=0
286-2.267-631-28-11 imp:n=1
29 0 6 imp:n=0

302-0.0014 -6 -11 7 #34 imp:n=1
310-6-15imp:n=0
325-0.983 1-8 3 -2 imp:n=1
330-6 11 imp:n=0

Surfaces Cards

1 px -254 $ collimator 1

2 px -127

3 kx -400 2.3668¢e-4 1

4 kx -398 2.3668¢e-4 1

5kx -397 2.3668e-4 1

c

6 cx 10

7 px -27 § cylinder collimator 2
8cx 4.8

9cx4.6

10 cx 4.1

11px0

03/30/06 14:27:37
e Anput File Ffor 1 owm thick

probad = 03/30/06 14:13:09
fr— w
( 1.000000, ©.000000, ©0.000000]
{ ©.000000, 1.000000, 0.000000]

[3 —33 .56, 1.=za, o.001
emtent = ao .00, 40 ._060]

Figure A-2 The geometry of the neutron beam plotted with X-Deep/32 program.

A-11 Boron Steel in-Homogeneity Modelling

Hexagonal lattice modelling for the material (steel and boron steel).
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The geometry is modelling from the cells cards:
Input file for model 1

Cells cards

37 0 -44 1at=2 u=2 imp:n=1 fill=3 § lattice

38 8 -7.682 -55 u=3 imp:n=1

39 7 -7.80 55 u=3 imp:n=1

Surface cards

44 rthp 0 0 -0.0010 0 0 0.002 0.0010 0 0

5550 0.00120

77 tpp -17-16.863 -22.1 -6 6

Figure A-11 a: geometry configuration of sample. (cut through XY plane). b:geometry configuration of
sample. (cut through YZ plane).c: geometry configuration of sample. (cut through XZ plane).

Input file for model 3

Cells cards

37 0 -44 1at=2 u=2 imp:n=1 fill=3 § lattice

38 8 -7.682 -55 u=3 imp:n=1

397 -7.80 55 u=3 imp:n=1

Surface cards

44 rpp -0.0105 0.0105 -0.0105 0.0105 -0.0105 0.0105

55 rpp -0.010245 0.010245 -0.010245 0.010245 -0.010245 0.010245
77 tpp -17 -16.25-55.1 -6 6
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Figure A-12 a: Geometry configuration of sample. (cut through XZ plane). b: Geometry configuration of

sample. (cut through YZ plane). c: Geometry configuration of sample. (cut through XY plane).
ple. ( gh YZp ry g p gh XY p

Input file for model 4

Cells cards

37 0 -44 lat=1 u=2 imp:n=1 fill=3 $ lattice
38 8 -7.661 -55 u=3 imp:n=1

397 -7.80 55 u=3 imp:n=1

Surface cards

44 rpp -0.015 0.015 -0.015 0.015 -0.015 0.015

55 rpp -0.0135 0.0135 -0.0135 0.0135 -0.0135 0.0135
77 tpp -17 -16.863 -5 5.1 -6 6

Figure A-13 a: Geometry configuration of sample. (cut through XZ plane). b: Geometry configuration of
sample. (cut through YZ plane). c: Geometry configuration of sample. (cut through XY plane).

A-12 Neutron Source design in simulations.

The simulated neutron source at the z=-300 cm is modelled by the data cards:
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Input file mode n

SDEF par=1 pos=-300 0 0 sur=1 erg=d1 rad=d2 vec=1 0 0

spl -2.53e-08

si20 1

sp2 -211

The distribution D1 contains Maxwellian spectrum for 2.53® MeV energy which has a sintax: exp-(e/a)

which correspond to Maxwell fission spectrum.SDEF is the general source

A-13 Material Modelling

Material composition input file is given from materials cards. The concentration is given in weight

percent.

Input file

Materials cards

m7 26000.55¢ -0.66116 $Fe
6000.50c -0.0004835 $C
14000.50c -0.004835 $Si
25055.50c -0.017406 $Mn
6000.60c -0.001934 §S
24000.50c -0.1720293 $Cr
42000.50c -0.026109 $Mo
28000.50c -0.11604 $Ni

m8 26000.55¢ -0.63449655 $Fe
6000.50c -0.00048845 $C
14000.50c -0.0048845 $Si
25055.50c -0.0175842 $Mn
16000.60c -0.0019538 $S
24000.50c -0.1738882 $Cr
42000.50c -0.0263763 $Mo
28000.50c -0.117228 $Ni
5010.50c -0.003743 $B-10
5011.50c -0.014972 $B-11

Chapter 10 Appendix B

B-1 Transmission Experiments with Monochromatic Beam

The Hahn-Meitner Institute HMI in Berlin operates a 10 MW thermal research reactor. It is a light

water cooled and moderated type reactor based on 24 fuel elements of low enriched uranium. It provides
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both thermal and cold neutron sources. Our experiment was located at the V-hall along six neutron guides
supplied by a cold neutron source CNS. The CNS is placed at another conical beam tube close to the core. It
is operated with hypercritical hydrogen at temperatures between 25 and 35 K at a pressure of 14-17 bars. At
the V12 hall are placed the double crystal diffractometers V12a and V12b. It is based on the angular
resolution of the Bragg reflection at perfect crystal planes.
n-A=2d-sinf

When the neutron beam hit a crystal multilayer with grazing incident angle € and single wavelength A4 , the
Bragg reflection of the beam occurs. The wavelength of the neutron reflected by the multilayer is decided by
the grazing angle @ and the period of the multilayer d . A pyrolytic graphite monochromator (002) is located
in the beam of NL3B some 1.5 m downstream from the V12a monochromator and deflects at 5.244 A
wavelength diffraction toward the sample position. This beam is spilt by an additional perfect Si single
crystal, (111) which acts as the monochromator crystal of high flux density used for high resolution in
neutron radiography and in USANS. The beam size is 50 x 50 mm’ with a spatial resolution of
approximately 250 pm and a monochromatic flux density of approximately 3 x 10° n/cm’s without additional
collimation. The detector system in use is 2D °Li/CCD camera of 400 pum thick layer. The divergence of the
beam in the instrument is connected by the Bragg condition with the ratio AAA i.e. the degree of

monochromatisation, for a (111) reflection, a wavelength of 5.5 A ones calculates AMA ~107,

Figure B-1 High resolution double crystal diffractometer and monochromatic tomography at V12 set-up
instrument at HMI Berlin.
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V12a Instrument Data

Figure B-2 Schematic view of double crystal diffractometer.

The V12 is a multiple purpose instrument with two beams at the NL3B beam guide. The first one provides
4.76 A. The second port provides 5.244 A neutrons for the V12b which is further divided by a perfect single
crystal monochromator to a high double crystal diffractometer for special fundamental and high resolution
applications and an attenuation radiography and tomography instrument for high instrument investigations

with monochromatic neutrons.

V1i2b | V12b lI

Neutron guide NL3B, curved R = 500 NL3B, curved R = 500
Monochromator crystals PG (002) perfect Si single crystal (111
edged, variable geometries
Wavelegth 0.52(1) nm 0.524(1) nm
Diffract. analyser crystals perfect Si single crystal (111)
 edged, variable geometries
Neutron flux 3x10% n/cm?s 5x102 nfcm?s
Resolution 250 um 5x10-° nm!
Total range 5x5x5cm? 5x103- 107 nm-!
Detectors 2D scintillator/CCD system *He counter

Instrument responsible M. Strobl, strohl@hnﬁ._de
W. Treimer, treimer@hmi.de

e

Figure B-3 Instrument Data.

The neutron transmission of boron steel alloy plates was measured at V12b set-up instrument. The distance
between the monochromatic neutron source and scintillator detector was 2 m and the sample plate was
placed 10 cm from the detector. The exposure time was 1300 sec and for each plate three projections were
taken. The image files were saved in TIF format and processed with Image-Pro Plus 6 (MediaCybernetics)

program at ATI in Vienna. According to the formula:
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to the neutron wavelength of 5.244 At corresponds the 2.972 % MeV energy value.

0,14
Neutron wavelength: 5.44 A

-

Transmission

0,01 1 ;2

02 04 06 08 10 12
thickness cm

Figure B-4 Left: The image of the boron steel plates done with VI2b instrument, which provides 5.244 A

neutron wavelength. Right: The transmission of boron steel alloy plates for monochromatic neutron beam

5244 4 wavelength.

During these measurements the background contribution is very high. Indeed the exposure time was very
long; another reason we assume since that the absorption is very high the error automatically is very high.
The uncertainty of the transmission is very high. Correcting the beam hardening effect the background

contribution becomes so high that we cannot really estimate the transmission.

At HMI — Berlin we had possibilities to measure the transmission of the samples using also the V7 Cold
Neutron Radiography and Tomography CONRAD instrument. This beam line is located at the end of the
curved neutron guide NL1b, facing the cold source of the BER II reactor. The existence of a neutron guide
helps to achieve an enormously high cold neutron flux of the order approximately 2x10* n/cm’s at the end of

the guide with negligible background of gamma radiation and fast neutrons.

Actually the transmission is so low that you cannot distinguish between 9, 10, 11 and 12 mm plate thickness

referring to the diagram in figure B-5.
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Figure B-5 Cold Neutron Radiography and Tomography V7 (CONRAD) set-up instrument.

Measuring position 1 Measuring position 2
Instrument Data
Figure B-6 Schematic view of CONRAD set-up.

]
Spectrum 0.2 - 1.2 nm (Maxwellian distribution with a maximum
at 0.35 nm)
Sample environment Cooling water, air pressure, N-, He- and H- gas lines
Measuring positions Two (the parameters are listed below)
Detectors CMOS camera (Position ) - PCO
- 1200hs - 1280 x 1024 pixel
- CCD camera (Andor DW436N-BV)
 2048x2048 pixel (Position I :
Instrument responsible N. Kardjilov, kardjilov@hmi.de
direct dialling -2298

Figure B-7 Instrument Data.

At CONRAD instrument it is possible to investigate the inner structure of large samples with a spatial
resolution of up to 100 pum. Eight different thickness plates were placed in front of the neutron beam and the
transmission for eight plates with 2.5 A neutron wavelength was measured. The exposure time was 120

seconds and the experiment was carried out from Dr. N. Kardjilov.
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Figure B- 8

Figure B-9

Figure B-5

The radiograph set-up at CONRAD instrument.

e
=

0,014

1E-34

Transmission, I/,

1E-4

Neutron wavelength: 2.5 A

00 02 04 06 08 10 12 14 16 18

Thickness (cm)

Left: The radiograph image of the boron steel plates at CONRAD instrument. Right: The

transmission of boron steel alloy plates for monochromatic neutron beam 2.5 A at CONRAD instrument set-up.
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The transmission of boron steel alloy plates scanned with cold neutron interval spectra with
from 2.0 to 6.5 A at CONRAD instrument set-up.
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The physicist Leo Szilard once announced to his friend Hans Bethe that he was thinking of keeping
a diary:
"I don't intend to publish. [ am merely going to record the facts for the information of God."
"Don't you think God knows the facts?" Bethe asked.
"Yes," said Szilard.
"He knows the facts, but He does not know this version of the facts."
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