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Abstract 

 

This thesis describes the upgrading and new applications of the neutron imaging facility at 

a low power TRIGA Mark II research reactor at The Atomic Institute (ATI) in Vienna. This 

upgrading has improved the spatial resolution and made possible longer neutron tomography 

measurements to exploit the full dynamic range. The instrumental setup has been used 

successfully in various applications. The techniques of neutron imaging that have been employed 

include neutron radiography, neutron tomography and dynamic imaging. Interesting applications 

in the fields of engineering and geology based on hydrogen transport within samples have been 

made. The methods of neutron imaging have been applied to conservation and restoration 

projects in engineering geology where the distribution and penetration of stone consolidants 

inside building materials have been investigated. This method has been applied to assess 

conservation and restoration processes and for the selection of stone strengtheners based on their 

penetration and distribution for historical buildings and monuments. An application having value 

for the textile industry is the study of moisture transport in different fibers. The distribution of 

moisture in different textile fibers is important for comfort. Non-destructive imaging of 

radioactive samples relevant to the nuclear industry has also been presented. Neutron radiography 

and tomography techniques were applied to isotopic neutron sources to get information about 

their construction and density. Beam hardening correction was performed for the neutron 

tomography of a neutron source. These applications show that high resolution neutron imaging 

can be performed at a low power research reactor and is thus encouraging for mobile neutron 

sources as well. Neutron imaging is therefore a suitable technique for non-destructive studies in 

various fields. 
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Abstrakt 

Die Arbeit beschreibt die Erneuerung und neue Anwendungen an der 

Neutronenradiographie- und Tomographiestation des Atominstitutes mit seinem TRIGA Mark II 

Forschungsreaktor. In diesem Rahmen wurde die räumliche Auflösung deutlich verbessert, und 

der dynamische Bereich der digitalen Detektoren kann jetzt auch bei tomographischen 

Messungen voll ausgeschöpft werden. Mit dem neuen Setup wurden Projekte auf den Gebieten 

Materialforschung, Geologie und Ingenieurgeologie durchgeführt. In einem Konservierungs- und 

Restaurierungsprojekt wurde die Strahlschwächung durch Wasserstoff verwendet, um die 

Verteilung und das Eindringen von Steinfestigern und Konservierungsmitteln in Baumaterialien, 

historischen Gebäuden und Denkmäler zu untersuchen.  

Eine weitere Anwendung ist die Analyse des Feuchtetransportes in Textilfasern, die für 

den Tragekomfort maßgeblich ist. Mit unserem hochauflösenden Imaging Plate Detektor und 

dem neuen 100μm Szintillationsdetektor konnten temperaturabhängige, materialspezifische 

Feuchtigkeitsverteilungen systematisch untersucht werden. 

Anschließend wurden drei kompakte Neutronenquellen, zwei Plutonium-Beryllium und 

eine Americium-Beryllium Quelle, analysiert. Die Neutronentomographie ist die einzige 

Messmethode mit der die Mantel- und Quellgeometrie sowie die makroskopischen 

Wirkungsquerschnitte im Quellkern zerstörungsfrei rekonstruiert werden können. Mit Hilfe der 

von uns entwickelten Beam-Hardening-Korrektur konnte eine homogene Isotopenverteilung im 

Pu-Be Kern nachgewiesen werden, während in der Am-Be Quelle ein Bruch im Kern sichtbar 

wurde. Es ist bemerkenswert, dass tomographische Abbildungen von stark absorbierenden 

Proben auch bei nur 250 kW Reaktorleistung möglich sind. 

Anhand dieser Anwendungen wurden die Vorteile der zerstörungsfreien 

Neutronenabbildungverfahren, sowie die Aktualität des Forschungsgebietes demonstriert. 
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1 INTRODUCTION 

At the Atomic Institute (ATI), Vienna we have a low power TRIGA Mark II research 

reactor. This reactor at ATI has a long tradition of neutron imaging. Two beam lines have been 

devoted to neutron imaging, NR I and NR II. Initially neutron radiography was performed with 

the film method at NR I. Later the system was digitized at NR II.  

In the framework of this thesis, the experimental setup at NR II has been upgraded with 

the acquisition of a new scintillation detector and an imaging plate detector. An automatic 

nitrogen filling system has been installed. The detection system and the instrument infrastructure 

were continuously improved in order to optimize the experiment results and to make the 

experimental work more flexible. This has led to an improved spatial resolution, better sensitivity 

and the possibility of longer measurements for the utilization of the full dynamic range. The key 

detector features have been analyzed for their use in neutron radiography and neutron 

tomography. Our experiences indicate the feasibility of the deployment of mobile neutron sources 

for imaging with improved spatial resolution and sensitivity.  

The neutron interaction with matter and the upgraded instrumental setup has been utilized 

for promising applications in the fields of engineering and geology. X–rays do not possess high 

penetration ability into the materials having high atomic number. Elements having small atomic 

number like H-1, D-2, Li-6, B-10 etc. cannot give contrast with X–ray radiography contrary to 

neutron radiography. Even the purely qualitative inspection has provided valuable results, 

particularly because it is possible to penetrate materials (e.g. metals), that are opaque for X-rays. 

On the other hand, the sensitivity for certain light elements (e.g. hydrogen) is very high, while 

they are almost invisible for X-rays. Neutrons are able to distinguish between different isotopes 

and neutron radiography is an important tool for studies of radioactive materials. X-ray 

measurements have also been performed to show a comparison. The complementarity of neutrons 

and X-rays can lead to a complete visualization of a sample and hence is of great importance. The 

samples studied were ideally suited for neutrons based on the properties of the interaction of 

neutrons with matter. 
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Projects based on the hydrogen sensitivity of this method to study the transport of 

hydrogen in building materials and textile fibers have been carried out. Investigation of boron 

alloyed steels used in the nuclear industry. Sealed radioactive neutron sources have been imaged 

non-destructively to get information about their geometry and material. 

Neutron imaging has been successfully applied for conservation and restoration of 

building materials. Evaluation of distribution and penetration of the stone consolidants is very 

important for historical buildings and monuments. This technique has been utilized to assess the 

restoration work at the St. Stephans cathedral which dates back to the 12th century. The selection 

of a suitable strengthener is very important to achieve a successful restoration. Different 

strengtheners were studied using this method. Studies have been performed for the restoration 

and conservation work of historical buildings and monuments. Neutron imaging was also 

performed for the structural studies of rocks, to perform porosity analysis to be used for the 

investigation of deformation bands. 

Isotopic neutron sources have been available for more than six decades. At the Atomic 

Institute, different neutron sources are in use for instrument calibration and fast neutron 

applications but we have only little information about their construction and densities. The 

knowledge of source design is essential for a complete MCNP5 ((Monte Carlo Neutron Particle 

Transport) code modeling of the experiments. Neutron radiography (NR) and neutron 

tomography (NT) are the best choices for the non-destructive inspection of the source geometry 

and homogeneity. From the transmission analysis we gain information about the shielding 

components and the densities of the radio-isotopes in the cores. Three neutron sources, based on 

(alpha, n) reaction, have been investigated, two 239PuBe sources and one 241AmBe source. In the 

NR images the internal structure was clearly revealed using high-resolving scintillation and 

imaging plate detectors. In one source tablet a crack was detected which causes asymmetric 

neutron emission. The tomography inspection of strong absorbing materials is more challenging 

due to the low beam intensity of 1.3x105 n/cm2s at our NT instrument, and due to the beam 

hardening effect which requires an extension of reconstruction software. The tomographic 

inspections of a PuBe neutron source and appropriate measures for background and beam 

hardening correction have been presented.  
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 Tencel Lyocell fibers are used in duvets. The basic requirement of a quilt is thermal 

insulation. During sleep the human body perspires, therefore moisture management of the duvet 

is essential for a comfortable sleep. The release of humidity has to be accommodated by the quilt. 

Hence moisture absorption and humidity transport are very important when designing a coverlet. 

Neutron imaging is suitable for studying moisture transport processes due to the sensitivity of 

neutrons for hydrogen. Neutron radiography was used to investigate the moisture distribution in 

textile fibers under praxis conditions. Real time neutron radiography made it possible to follow 

the dynamics of the moisture transport without disturbing the ensemble during measurement.  

Dynamic neutron radiography has been performed to study the diffusion of liquids that is 

water and different stone strengtheners in stones. Due to the sensitivity of neutrons to hydrogen, 

hydrogen transport studies are an interesting and useful application of this method. Previously 

such studies have been demonstrated at the ATI at the older setup with the film method. In this 

research work these studies were done using the digital setup employing a higher dynamic range. 

The diffusion of water and stone consolidants in building materials has been studied according to 

the interest of geologists and conservators.  
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2 NEUTRON IMAGING 

2.1 Neutron radiography 

2.1.1 Interactions of Neutrons with Matter 

Neutrons interact with nuclei in a variety of ways [Lamarsh, 1965]. For instance, if the 

nucleus is unchanged in either isotopic composition or internal energy after interacting with a 

neutron, the process is called elastic scattering. On the other hand, if the nucleus, still 

unchanged in composition, is left in an excited state, the process is called inelastic scattering. 

In referring to these interactions it is common to say that the incident neutron has been 

“scattered”, elastically or inelastically, as the case may be, because a neutron reappears after 

the interaction. However, this term is somewhat misleading, since the emerging neutron may 

not be the same neutron that originally struck the nucleus. Neutrons disappear as the result of 

absorption reactions. 

2.1.2 Neutron Interactions and Macroscopic Cross Sections 

The radiography process must use a radiation which has a high probability of reacting 

with the material of the sample, and it is usual to describe this probability of interaction as an 

effective target size called cross-section [Domanus, 1992]. There are several types of cross-

section but the two that are of principal interest to neutron radiographers are the absorption 

cross-section and the scattering cross-section. The total cross-section is the sum of these two. 

This microscopic cross-section is represented by σ. 

The neutron transmission through a sample, ideally for a thin, homogeneous, 

monochromatic and collimated beam, may be expressed by considering the rate at which the 

neutron intensity reduces as it passes through the sample material. This is given by: 

NxI
dx

xdI σ)()(
=

−
     2.1 

Where 

I – neutron intensity, i.e. number of particles across unit area in unit time, n.cm-2s-1 

x – specimen thickness, cm; 
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σ - microscopic cross-section, cm-2 

N – number of target nuclei per unit volume, cm-3 

Rearranging and integrating give: 

xN
oeII σ−=

     2.2 

Where 

I – neutrons transmitted through the sample, n.cm-2s-1 

Io- neutrons incident upon the sample, n.cm-2s-1 

The equation above is also referred to as ‘The law of exponential attenuation’ or Beer 

Lambert’s law. 

2.1.3 Mathematical and physical foundations of Neutron 
Radiography 

 

Figure 2-1: Principal components of a neutron radiography system [Domanus, 1992]. 
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Neutron radiography involves three main components: 

a) a suitable neutron beam, 

b) an object of radiographic interest, 

c) a device to record-promptly or latently – the radiation intensity information 

associated with the neutron beam transmitted through the object. 

 

Figure 2-1 provides a graphical depiction of these three system components for the 

case of a non-radioactive object specimen. In order to provide mathematical and physical 

basis of the various processes which take place in neutron radiography we need to define the 

following terms which are depicted in Figure 2-2 

. 

Figure 2-2: Illustration showing the association of various radiation flux quantities with functional 

planes and system components [Domanus, 1992; Mishra, 2005].  

(η,ζ) = The “collimator” plane associated with the neutron beam from a collimator 

device; the function φ(η,ζ) on this plane will generally represent the spatial distribution of 

neutrons which are directed towards the object to be radiographed.  

(u,v) = The “object” plane is associated with the object of radiographic interest; the 

associated function φt(u,v) will generally represent the spatial distribution of the neutron beam 

after its passage through the object.  



 Neutron Imaging  

17 

 

(x,y) = The “image” plane is associated with the neutron radiographic image; the 

function ψ(x,y) describes the film blackening secondary radiation emerging from the 

converter or the photo stimulated luminescence in case of image plates and incident upon the 

recorder.  

The flux φ(η,ζ) is fully determined by the characteristics of the neutron source and the 

collimator device. The flux φt(u,v) depends upon the flux φ(η,ζ) and the object. The function 

ψ(x,y) represents a flux of a certain type of radiation induced by the neutrons from the φt(u,v) 

beam captured in the converter. Hence ψ(x,y) is a function of φt(u,v). However the end result 

is the optical density or gray level D(x,y) on the film or the image plate. The radiographic 

process can be illustrated by the following sequence of functions: 

ࣘሺࣁ, ሻࣀ ՜ ࣘሺ࢛, ሻ࢜ ՜ ,࢞ሺ࣒ ሻ࢟ ՜ ,࢞ሺࡰ  ሻ    2.3࢟

 For the object, both neutron scattering and absorption will generally be possible, so the 

total cross-section at a coordinate z is given by  

઱࢚ሺࢠሻ ൌ ઱ࢇሺࢠሻ ൅ ઱࢙ሺࢠሻ     2.4 

Further details about the consequent mathematics and physics of neutron radiography 

with applications can be found in [Harms, 1986]. 

 

2.2 Neutron Tomography 

2.2.1 Tomography Reconstruction  

Computed neutron tomography is an interesting application of digital image 

processing. It is a method in which a series of two dimensional projections (radiography 

images) can be reconstructed to get a three dimensional view of the internal structure of the 

sample. The term ‘Neutron computed tomography’ is usually used  for the reconstruction of a 

3D voxel array representing the inner structure of the sample on the basis of 2D neutron 

transmission images of an object taken from different view angles. 
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2.2.2 The Method of Filtered Backprojection 

The theory of tomographic reconstruction using parallel beams has been extensively 

described in [Kak, 1988]. The reconstruction of the macroscopic cross section Σ (x, y, z) = N 

(x, y, z)σ from the transmission data T is represented by Figure 2-3: 

 

 

Figure 2-3: Utilization of the transmission signal for the tomographic reconstruction of the cross-

section Σ (x, y, z) [Zawisky]. 

dszyxNztT i
ray

i i σθ ),,(exp),,( ∫∑−≅
                                      2.5

 

Objectfield for a mixture of isotopes = i
i

i zyxN σ∑ ),,(
                                     2.6
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The individual (x, y) slices are reconstructed independent from each other, a 3D-

rendering of all the slices then follows. A monochromatic beam would be described with the 

help of the polar coordinates (θ, t) whereas the sample coordinates will be represented by the 

Cartesian coordinates (x, y). The first step is to reconstruct a linear relationship between 

transmission and the object field. This procedure is represented as a projection in Figure 2-4. 

( ) dsyxtTtP
ray

i i ),(),(ln, ∫∑ ∑≅−≡ θθ
    2.7

 

 

Figure 2-4: Principle of tomographic projection 

 

The transformation Objectfield → Projection is called Radon-Transformation [Kak, 

1988]: 

dxdytyxyxtP
i

i )sincos(),(),( −+∑≅ ∫ ∫∑
∞

∞−

∞

∞−

θθδθ     2.8 
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The inverse problem, the calculation of the objectfield from the projections, is called 

Inverse Radon transformation, a special realization is the filtered backprojection (FB). The 

main features of the FB have been sketched in Figure 2-5 below. According to the Fourier 

slice theorem, the Fourier transformation of projection P(θ,t) defines a line in the Fourier 

space F(θ, u, v). We substitute the coordinates (u, v) for the Fourier space with u = ω cosθ and 

v = ω sinθ: 

 

,ࣂሺࡲ ,࢛ ሻ࢜ ൌ ׬ ,ࣂሺࡼ ሻஶ࢚
ିஶ ࢚ࢊ࢚࣓࣊૛ࣃିࢋ ൌ ׬ ׬ ∑ ઱ܑ࢏

ஶ
ିஶ

ஶ
ିஶ ሺ࢞,  2.9  ࢟ࢊ࢞ࢊሻࣂ࢔࢏࢙࢟ାࣂ࢙࢕ࢉ࢞ሺ࣓࣊૛࢏ିࢋሻ࢟

 

,ࣂሺࡲ ,࢛ ሻ࢜ ൌ ׬ ׬ ∑ ઱࢏࢏
ஶ
ିஶ

ஶ
ିஶ ሺ࢞,  2.10    ࢟ࢊ࢞ࢊሻ࢟࢜ା࢛࢞ሺ࣊૛࢏ିࢋሻ࢟

 

Each projection defines a line in Fourier space. For a sufficient number of projections, the 

Fourier space can be sufficiently filled. Afterwards the object field can be reconstructed by 

the inverse Fourier transform of F. 

  

∑ ઱࢏ሺ࢞, ሻ࢟ ൌ ׬ ׬ ,ࣂሺࡲ ,࢛ ሻஶ࢟࢜ା࢛࢞ሺ࣊૛࢏ࢋሻ࢜
ିஶ

ஶ
ିஶ࢏  2.11     ࢜ࢊ࢛ࢊ

 

However during this direct back projection, the higher frequencies are 

underrepresented therefore an additional filter is implemented to strengthen the high 

frequency portion (filtered back projection). 
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Figure 2-5: Tomographic Reconstruction with filtered backprojection: a) Calculation of the 

projection data.  b) +c) each projection defines a line in Fourier space. d) Ideal occupation of the Fourier 

space in the limit of a large number of projections. e) The high-frequency part from the backprojection is 

amplified. 
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The simplest filter is the ramp filter that strengthens the frequency regions linearly with 

frequency (Ffiltered = F x │ω│). We have chosen a Shepp-Logan filter for our applications. 

Subsequently, slices of the object are reconstructed independent of each other and then 

merged to a 3D object. This step is designated as 3D-rendering. By changing the opacity, 

different regions of the sample can be represented with different transparency. Through 

segmenting and coloring, regions with different transmission or absorption (density) can be 

emphasized. With the help of special softwares, quantitative information about the grain sizes 

and distributions can be obtained. With such an analysis, only the objectfield, which is our 

case, is the distribution of the macroscopic cross-section is reconstructed. A measurement 

with X-rays would give a different result which will be complementary to the neutron 

tomography. The tomography visualization is a complete illustration but only related to a 

special reciprocal effect. 
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3 EXPERIMENTAL FACILITIES 

3.1 Neutron imaging facilities at ATI 

At the ATI we have a TRIGA Mark II reactor. This is purely a research reactor of the 

swimming-pool type. The maximum continuous output is 250 kW (thermal). Figure 3-1 

shows several experimental setups that have been developed at the neutron beam lines for 

material investigations and fundamental physics research based on neutron techniques. These 

are: NR-NT (neutron radiography and tomography), USANS (Ultra Small Angle Scattering), 

Neutron interferometry, NAA (Neutron Activation Analysis) and Depolarisation analysis  

 

Figure 3-1: The neutron beam lines at the TRIGA Mark II research reactor. 
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NR I and NR II are two beam lines at ATI that are dedicated to neutron imaging. These 

facilities have been shown in Figure 3-1. NR I is based on the film/converter method. Station 1 is 

located at a radial thermal beam channel of the TRIGA reactor. Station 2 is located at the 

thermal column of the TRIGA reactor, as shown in Figure 3-1. The digitized neutron imaging 

setup was installed at NR II. It has a lower neutron flux and a smaller beam diameter, but a higher 

L/D ratio compared to NR I. This beam position was chosen due to the advantage of easy access 

to the sample position during reactor operation. At NR I the sample position is located in an 

irradiation room that cannot be accessed during reactor operation and also several hours after 

shutdown due to the high radiation level. A vertical elevator system is used to transport samples to 

the beam position. Another advantage is the collimation ratio which is an important parameter for 

spatial resolution. The L/D ratio at NR I is 50, which is not sufficient to generate sharp images. 

Figure 3-2 shows the components of the both NR facilities [Bastürk, 2003] .  

 

Figure 3-2: NR facilities at TRIGA Mark II research reactor. 



Experimental facilities 

 

25 

 

3.1.1 Neutron spectrum 

Bonner Sphere Spectroscopy (BSS) was used to measure the spectral distribution of 

neutron fluence rate at the thermal column by [Hajek, 2001] . A Bonner sphere spectrometer 

(BSS) consists of a detector for thermal neutrons located in the centre of polyethylene moderating 

spheres. Polyethylene (CH2)n is used as 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. 

These spheres are available in different diameters and are used according to the requirements of 

the problem. Depending on the diameter of the sphere, a fraction of neutrons gets moderated until 

a thermal equilibrium is established with the atoms of the surrounding medium. The detector in 

the centre of the BSS can then detect these neutrons. The detector in the BSS used for this 

measurement was a 6LiI(EU)-scintillation counter optically coupled to a photo multiplier tube 

with connected pre-amplifier. 

The spectrum of neutrons after moderation in the graphite block of the thermal column 

was confirmed to be a Maxwellian distribution. The fast neutron component (10 to 12 MeV) 

at this position is negligible. Equation (3.1) gives the number of neutrons dn per volume 

element with energies between E and E + dE as approximated by a Maxwellian distribution.  

 ݀݊ ൌ ݊ሺܧሻ ൌ
݊ߨ2

ሺܶ݇ߨሻଷ ଶൗ
exp ሺെܧ/݇ܶሻ√(3.1) ܧ݀ܧ

Monte Carlo Neutron Transport program was used to simulate the measurements with 

BSS to determine the response of the detector at different sphere diameters for the same 

detector material. The density of the thermalized neutrons inside the Bonner spheres is 

measured by the 6LiI scintillator. The deconvolution was performed with a computer program. 

Φ, the neutron fluence, is the quotient of dN by dA, where dN is the number of particles 

incident on a sphere of cross-sectional area dA. The neutron fluence rate φ is the quotient of 

dΦ by dt where dΦ is the increment of neutron fluence in the time interval dt as shown in 

equation (3.2). 
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3.1.2 The measured spectrum of the NR II beam line 

The neutron spectrum behind the heavy concrete door at the thermal column was 

measured with BSS method [Hajek, 2002]. The Maxwellian distribution of neutron fluence 

and density of NR II beamline is shown in Figure 3-3. 

 

 

Figure 3-3: The Maxwellian distributions of neutron fluence and density of NR II. 

 

The plot of the distributions of neutron density and neutron fluence versus E/ET in 

Figure 3-3, clearly show that the distribution functions are peaked at kT/2 and kT, 

respectively. The unfolded and fitted neutron spectra at the thermal column of NR II facility 

are given in the graph in Figure 3-4 
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Figure 3-4: Unfolded and fitted neutron spectra at the thermal column of the TRIGA 

Mark II research reactor 

 

Table 3-1 shows the calculated values for a thermal power of 250 kWth with the 

assumption of a linear flux/power relationship. From these results it can be concluded that the 

contribution of the fast neutrons to the total flux is negligible. The BSS measurements have 

been carried out at a distance of 35cm from the graphite surface, behind the concrete door. 

 

Table 3-1: Neutron flux at the thermal column of the TRIGA Mark II reactor measured with the 

Bonner spectrometer [Hajek, 2002]. 

 Φ (E < 0.4 eV) (cm-2.s-1) Φ (E < 100 MeV) (cm-2.s-1) 

Pth = 5 Wth 1.07 x 103 1.08 x 103 

Pth = 250 kWth 5.37 x 107 5.39 x 107 
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3.1.3 Collimator 

The collimator at the NR-II facility has two parts. One part is conical and the second 

part is cylindrical. The first conical part is installed in the thermal column. It has a length of 

130cm. The cylindrical part is installed in the movable heavy concrete door. The cylindrical 

part has a length of 127 cm. A schematic diagram has been shown in Figure 3-2.  

 

Figure 3-5: Floor plan of the NR II station at ATI. 

 

The movable door facilitates the carrying out of measurements at a high neutron flux 

in the thermal column. The conical part of the collimator has an aperture of 2 cm and an outlet 

of 6cm. It has been placed in an outer shell of 10 cm x 10 cm. Figure 3-5 shows a 4 cm thick 

polycrystalline Bi for gamma filtering. The dimensions of the inner and outer diameter of the 

cylindrical part of the collimator are 8.2 cm and 20 cm respectively. Both collimators have 

been coated with CdB4C on the inner side. Homogeneous neutron distribution can be 

provided for measurements at a high neutron flux behind the door by replacing the first part of 

the collimator with a graphite block of the same size. 
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Figure 3-6: The composition of the first part of collimator at NR II facility. 

 

The illuminator is a 30 cm thick graphite block between the aperture of the collimator 

and the aluminum reactor tank. The illuminator distributes the neutrons homogeneously 

before entrance into the collimator aperture. The required thickness of graphite illuminator for 

a NR facility is 10 – 15 cm. Excess thickness of illuminator leads to excess gamma content 

and reduction of neutron flux. At the NR II station, there is 20 cm excess graphite, which 

means that the neutron flux is reduced by a factor of 4. Figure 3-6 shows the 3 cm thick 

shielding material for neutrons and gammas surrounding the aperture. This shielding has 0.5 

cm thick Pb and three 0.5 cm thick B4C layers sandwiched together. 

 

Table 3-2: Table II: Basics characteristics of NR facilities at Atomic Institute – Vienna. 

 NR I Facility NR II Facility 

Neutron flux (cm-2.s-1) 3 x 105 1.3 x 105 

L/D (collimation) ratio 50 130 

Cd-ratio 3 20 

Beam diameter (cm) 40 9 
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Gamma background (Sv/h) 0.4 0.045 

Source strength (n.s-1) 3.8 x 108 7.0 x 106 

Facilities NR NR and NT 

Detection system X – ray film/ 

Converter 

CCD camera/ 

Scintillator/imaging 
plate 

 

After the beam quality, the next important consideration is the detection system. A 

digital CCD camera system coupled to a scintillator was installed at NR II [Koerner, 2000]. 

The basic properties of the detection system are given in Table 3-3 

 

Table 3-3: Table III. Properties and components of the nitrogen cooled digital CCD camera system 

at NR II. 

Camera Liquid nitrogen cooled Astrocam slow scan CCD camera 

Camera chip Sensitive area: 12.3 x 12.3 mm 

Sensitive pixel: 512 x 512 pixels 

Pixel size: 24 x 24 µm 

Quantum Efficiency (QE) Up to 90 % with standard AR coating 

Digitization 16 bit digitization with 65535 gray levels 

Lenses Nikon NOKT 58 mm F 1.2 

Nikon NOKT 180 mm F 2.8 

Nikon NOKT 105 mm F 2.0 

Mirror 2mm thick glass plate coated with Al and TiO2 
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A schematic representation of the digital system at NR II is given in Figure 3-7. The digital 

tomography system is based on the scintillator coupled to a CCD camera. The sample is 

placed on the rotary table between the shutter and the scintillator. The rotation of the sample 

is controlled with a stepper motor through a computer program. 

 

 

Figure 3-7: A schematic diagram of the digital detection system at NR II – ATI facility in 

Vienna 

 

3.2 ANTARES Experimental Setup 

Some experiments were performed at the cold neutron facility ANTARES (Advanced 

Neutron Tomography and Radiography Experimental Setup) at FRM II Munich (Forschungs 

Reaktor Muenchen) in Germany. This facility has a high neutron flux and hence a higher 

resolution and sensitivity. A description of the cold neutron instrumental setup is given below 

[Gruenauer, 2005]. 
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Figure 3-8: Schematic overview of ANTARES facility 
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Figure 3-9 shows the layout of the ANTARES facility. A secondary shutter has been 

installed adjacent to the biological shielding of the reactor. There is a possibility to change the 

L/D ratios to 400 and 800 by exchanging the collimator. An aperture wheel can move 

additional apertures into the beam. Different apertures required for different purposes like 

phase contrast radiography and coded masks can be moved in. A chamber for an energy 

selector is installed behind the aperture wheel (in the beam direction). Energy selective 

radiographies can be made with this energy selector to change contrasts of different elements 

depending on the neutron energy in the region of the Bragg cut-off. An X-ray tube which is 

mounted in the chamber for the energy selector can be moved to the beam axis when required. 

 

Figure 3-9: Setup of the ANTARES facility  

 

Along the neutron flight path, a flight tube has been installed. Neutron scattering and 

absorption in air is reduced considerably by evacuating the flight tube down to a pressure of 

0.1 mbar. With this arrangement, the flux at the specimen has been increased by 50%. A beam 

limiter is mounted at the end of the tube (at the entrance to the experimental chamber). The 

beam size can be adjusted to the size of the sample with the help of the beam limiter. Inside 

the experimental chamber, the sample is placed on a manipulator. The manipulator can move 

the specimen both in vertical and horizontal directions. For tomography measurements, the 
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sample can also be rotated. The detector has been placed behind the object. The direct beam is 

stopped with a beam catcher of lithium fluoride for minimization of background radiation. 

 

Table 3-4: Some important beam parameters at location of the specimen 

Parameter L/D = 402.4 L/D = 792.5 

Height of fully illuminated region 32 cm 36 cm 

Width of fully illuminated  region 32 cm 36 cm 

Fully illuminated area 1.3E+3 cm2 1.0E+3 cm2 

Neutron flux 9.4E+7 cm-2s-1 2.5E+7 cm-2s-1 

Cd ratio 15 15 

Gamma flux 4.2E+7 cm-2s-1 1.0E+7 cm-2s-1 

Gamma dose rate 6.9E-1 Sv/h 1.7E-1 Sv/h 

Neutron/gamma ratio 1.4E+8 cm-2s-1Sv-1h 1.4E+8 cm-2s-1 Sv-

1h 

 

The spectral neutron flux density at location of the specimen in the ANTARES facility 

is shown in the graphs below.  
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Figure 3-10: Spectral neutron flux density in the energy region between 1meV and 0.1eV  

The spectral flux density in the energy region between 1 meV and 0.1 eV is depicted 

in Figure 3-10. While the spectral neutron flux density in the energy region between 0.1 meV 

and 1 MeV is illustrated in Figure 3-11. 

 

Figure 3-11: Spectral neutron flux density in the energy region between 0.1meV and 1MeV  
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4  UPGRADING OF THE NR-NT FACILITY AT ATI 

At the Atomic Institute Vienna, with a 250kW TRIGA MARK II reactor, neutron 

imaging has a long tradition [Feigl, 1968; Harms, 1977; Rauch, 1977; Buchberger, 1989; 

Bayülken, 1990; Bruckner, 1999]. Gadolinium converter film detectors, despite their superior 

spatial resolution of up to 20 mm, have been widely replaced by digitized scintillator and 

imaging plate detectors. The advantages of digitized imaging detectors are linearity, 

reproducibility, and an increased image gradation due to 16 bit dynamic range compared to 7–

8 bit on film. Higher detection efficiency is of particular importance in order to perform 

neutron tomography (NT) at a low intensity beamline with only 1.3x105 n/cm2 s. Neutron 

imaging techniques present a challenging experimental task, especially at a low power 

research reactor. 

Within the framework of a major instrument upgrade three digitized detectors have 

been installed, a 100 µm thin-plate scintillator, an imaging plate detector with 25 µm scanning 

resolution, and a ND&M micro-channel detector with 50 µm resolution. The advantages 

gained in this upgrade are being reported. Some key detector features are analyzed for their 

use in neutron radiography (NR) and tomography (NT). The strengths and limitations of each 

detector in the field of neutron radiography and tomography have been analyzed. It has been 

demonstrated that high resolution digitized imaging down to the 50 µm scale can be 

accomplished with weak beam intensities, if appropriate measures are taken for the inevitable 

extension of measurement times. Some selected applications of high resolution imaging have 

been presented in the next chapters. Our experiences indicate that the deployment of mobile 

neutron sources for imaging with improved spatial resolution is now feasible. 

 

4.1 Detector selection 

At a low-power reactor the signal-to-noise ratio becomes a major factor for neutron 

imaging. The distance between the radial tube of the neutron tomography station and the 

reactor core is only 3 m; therefore a 40 mm thick bismuth filter is placed at the collimator 

entrance for gamma reduction. The neutron beam has 9 cm diameter and is well thermalized 

by a graphite wall at the thermal column of the TRIGA reactor. The detector selection is 
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determined by beam intensity and the intended applications. The following items have to be 

taken into account: 

• High detection efficiency, low background noise, as well as high signal-to-noise 

ratio; 

• Good linearity and reproducibility for tomographic investigations; 

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

• High spatial resolution;  

• 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 [Pleinert, 1997; 

Lehmann, 2004; Schillinger, 2006] have shown that scintillation detectors coupled to 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 µm scintillator plate did not provide sufficient spatial 

resolution therefore we installed a 100 µm thin-plate scintillator which is now commercially 

available at a reasonable price [Tritec]. 

Our second detector, the ND&M camera, is also commercially available [Felber, GBR] . 

It is a scintillation detector coupled to a micro-channel plate with 50 µm 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 the ILL in Grenoble 

[Dubus, 2002; Dubus, 2005]. Its application in neutron imaging is restricted to weak beams 

with small cross section. 

The third detector is intended to replace our Gd converter films. Neutron imaging 

plates (NIP) with a nominal scanning resolution of 25 µm have been chosen. With this 

ensemble of digitized detectors routine operation has recently been started with the upgraded 

instrument Figure 4-1.  
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Figure 4-1:Left: The 100 µm thin-plate scintillator with 10 x 15 cm2 detection area together with 

the old 400 µm scintillator; the 25 x 20 cm2 imaging plate inserting in the BAS-5000 scanner. Right: 

Sample area of the upgraded instrument.  

4.2 Characterization of the detectors 

All three detectors are suitable for high resolution imaging beyond the resolution of 

340 µm with the old scintillator [Koerner, 2001]. 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 best resolution it is necessary to minimize the sample-to-

detector distance LS-D and thereby the geometric unsharpness Ug: 

     ⎟
⎠
⎞

⎜
⎝
⎛= − L

DLU DSg    (4.1) 

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 µm thick gadolinium foil with 5.1 % neutron transmission was placed 

directly on the scintillator or the imaging plate. The measured edge spread function and its 

derivative, the line spread functions, can be approximated by a Lorentzian model if image 

blurring predominantly emerges in the converter. The ESF parameters p1 – p3 and λ are fitted 

to the measured edge profile with the resolution parameter λ as result: 
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Edge spread function:  ))(arctan()( 321 pxppxESF −⋅+= λ   (4.2a) 

Line spread function:  )()( xESF
dx
dxLSF =    (4.2b) 

Resolution:   
λ
2)x(FWHM ≡     (4.2c) 

In the following sections we compare the full-width-half-maximum (FWHM) 

resolutions, the absorption probabilities in the neutron sensitive layers, and the 

inhomogeneities in the beam profiles. Table 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 shut-down with beam and camera shutters closed. 

 

Table 4-1: Detector characteristics 

Detector 
Sensitive 

area 

Layer 

thickness 

Spatial 

resolution 
n / γ - ratio 

Intrinsic 

noise / pixel 

6Li thin-plate 10 x 15 cm2 100 µm 150 µm 500 300 + (0.4 /s)

Gd – NIP 20 x 25 cm2 135 µm 40 µm 50 4 x 10-5 /s 

 

4.2.1 Thin-plate scintillation detector 

Scintillation plates in combination with a slow-scan CCD camera are commonly used 

in neutron tomography. They are integrating devices which accumulate the scintillation light 

without amplification over a period of several minutes. Their weak points are the limited 

spatial resolution, the density and the thickness variations in the layer which cause a 

nonuniform open beam image. 6Li is a good choice as neutron absorber because it offers the 

best gamma discrimination. In the 6LiF:ZnS scintillator screen the neutrons are converted to 

green light peaked at 520 nm: 
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  HeHnLi 436 +→+  (4.5 MeV, 940 barn)    (4.3) 

The overall detection efficiency depends on the 6Li-density, scintillator thickness, 

composition of the activators (ZnS, Ag), self-absorption of the generated photons in the 

scintillator, optical lens, and, finally, the photon detection efficiency in the CCD-camera 

[Eijk, 2001]. Experimentally, the neutron transmissions have been compared through the old 

400 µm scintillator plate, T = 68.7 % (absorption probability ≈ 31 %), and the new 100 µm 

scintillator, T = 86.8 % (absorption probability ≈ 13 %). Thus, the detection efficiency of the 

100 µm scintillator is lower by at least a factor of two, and the exposure time increases by that 

factor to achieve similar image gradation. The sensitive area of the 100 µm layer is 10 x 15 

cm2, coated on a 1.5 mm thick plate of pure aluminum. From the data sheet provided by the 

company [Tritec] the relative light output is peaked at 100 µm. An alternatively available 50 

µm scintillator would be inefficient for weak beam intensities.  

The spatial resolution predicted by the manufacturer is 170 µm for the 100 µm 

scintillator, and 340 µm for the 400 µm scintillator. With our standard lens, f = 105 mm 

(Nikkor f/1.8, Nikon), we are limited by the optical resolution of 200 x 200 µm2 (CCD pixel 

size 24 x 24 µm2). Therefore repeated the ESF measurement has been repeated with larger 

focal length (f = 180 mm, f/2.8) and 80 x 80 µm2 optical resolution Figure 4-2 right, a best 

resolution 150 µm for the 100 µm plate has been obtained, well in agreement with the 

manufacturer’s specification. 

 

Figure 4-2: ESF measurements with different lenses. The pixel size denotes the optical resolution 

of the lenses, left f = 105 mm, right f = 180 mm. The fit yields )1(1.1=λ  and 145±13 µm resolution in 

the right plot. 
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Figure 4-3 reveals different open beam inhomogeneities in the two 6Li layers. As a 

measure for such intensity variations the standard deviation σ 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 6Li distribution, σ approaches the square 

root of the average pixel intensity ( averageN≈σ ). Obviously, this ideal limit is not reached, 

and therefore the resulting inhomogeneities have to be eliminated by pixel-wise open beam 

correction: 

Transmission = (Nsample – Nbackground) / (Nopen beam – Nbackground)   (4.4) 

 

 

Figure 4-3: Inhomogeneities in the open beam profile. 

Left: 400 µm scintillator, overall intensity variance averageN×=13σ , maximum intensity 

difference in the area between the two marked lines  %17minmax =
−

averageN
NN

 . 

Right: 100 µm scintillator, averageN×=11σ , maximum intensity difference 22 %.  
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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 read-out noise. Surprisingly, a very little difference is seen 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. The dark current is minimized by cooling the CCD chip down 

to -130°C with liquid nitrogen, it increases linearly with time if a constant readout offset is 

added Figure 4-4 left.  

 

Figure 4-4: comparison of the dark noise (left, camera-shutter closed) and gamma noise (right, 

beam-shutter closed). The dominating dark noise increases with )(4.0293 stimeN Dark ×+=  and the 

gamma background with )(23.0 stimeNGamma ×= . 

The readout noise depends on the read out speed of the CCD chip, where the best 

signal-to-noise ratio is obtained at lowest speed. The gamma sensitivity was derived by 

comparing beam intensities with open and closed boron shutter which is transparent to 

gammas Figure 4-4 right. A neutron-to-gamma sensitivity of 500 and an overall signal-to-

noise ratio of 100 have been obtained after the maximum exposure time of 7 min.  

The reduction of remaining white spots is delicate because applying a simple median 

filter would reduce sharpness for the whole image. Selective removal of zingers is preferred 

by comparing every pixel value with the average count number of its neighbors and replacing 

it, if the ratio is greater than an adjustable threshold. 
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4.2.2 Imaging plate detector 

Neutrons are absorbed in the Gd2O3 which is uniformly dispersed in the 

photostimulable phosphor (BaFBr:Eu) layer and an organic binder: 

)255000,20030(158157 barnconversionkeVeGdGdn −++→+ −γ  (4.5a) 

)61400,20030(156155 barnconversionkeVeGdGdn −++→+ −γ  (4.5b) 

The BAS-5000 IP Reader [Fujifilm] enables the scan of BAS-ND 20 x 25 cm2 neutron 

sensitive imaging plates and x-ray sensitive BAS-SR imaging plates with a nominal resolution 

of 25 x 25 µm2. The secondary particles excite the BaFBr:Eu to a metastable state, where 

electrons are trapped. The information is stored in locally trapped electron-hole pairs in the 

phosphor as latent image. This information is registered by optical stimulation with a focused 

HeNe laser. During the readout process in the scanner the trapped electrons are further excited 

by the red light from a He-Ne laser which causes a luminescence of blue light which is finally 

detected by a photomultiplier tube. Layer thickness (135 µm) and composition have been 

optimized in spatial resolution and photo stimulated luminescence (PSL) [Kobayashi, 1999]. 

After readout the NIP is erased with bright white light and can be reused many times as long 

as no mechanical damage occurs.  

 

Figure 4-5 Linearity of the NIP count numbers at 25 µm pixel resolution. 

Left: NIP in the open neutron beam, )(/ mintime1064169pixelPSL ×+=  

Right: NIP with beam shutter closed, )(/ mintime2191pixelPSL ×+=  
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Advantages of the IP-detector are the wide linearity range, the absence of electronic 

noise, 16 bit dynamic range, and a high efficiency of 80 % in the layer [Kobayashi, 1999; 

Thoms, 1999]. However, the overall detection efficiency depends on the light collection 

optics of the scanner. A disadvantage of the NIP is its higher gamma sensitivity due to the 

heavy elements in the plate [Masalovich, 2002]. As scanning parameters with best signal-to-

noise ratio at 25 µm resolution the highest gradation (16 bit) and sensitivity S4000 at level L5 

have been chosen. The scanned images are stored as Fuji-img 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 maximum image size of 160 Mb. 

 

Figure 4-6  Open beam intensity variations and NIP artifacts. 

A) Intensity variance in the open beam averageN×=12σ , maximum intensity variation 17 %. 

B) Random pattern of dark spots (150-200 µm) with reduced PSL intensity (unprocessed). 

C) Same artifacts contrast enhanced. 

 

After erasing the IP the intrinsic noise is only 0.3 counts per 25 x 25 µm2. The 

intrinsic noise increases from 0.3 to 11 per pixel after three days deposition in a light-tight 

box outside the reactor building. A neutron-to-gamma ratio of 50 was derived. The NIP 

linearity was confirmed for an interval between 1 and 60 min exposure time Figure 4-5. 

The open beam image confirms, except for a few scratches in the layer, a uniform Gd-

distribution Figure 4-6. Unfortunately, a microscopic pattern of dark spots, 150 – 200 µm in 

size, appears in the images yielding 25 % reduced PSL intensity. A similar pattern was found 
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when scanning the NIP with 50 µm and 100 µm resolution, and also in the x-ray sensitive SR 

imaging plate. Such micro-structural artifacts enhance the intensity variance in detector pixels 

and impede the investigation of inhomogeneities in materials. The usual open beam correction 

(Eq. (4.4) is not applicable until the problem of 25 µm positioning accuracy is solved. 

 

Figure 4-7:  ESF - resolutions with the NIP; the ticks in the neutron images mark the 

positions of the edge profiles. The fits yield mμλ 1560)2(8.0 ±⇒=  horizontal, and 

mμλ 740)20(25.1 ±⇒=  vertical resolution. 

 

In Figure 4-6 we also recognize disturbing horizontal line structures from the scanning 

process which can be removed by a low-pass filter. The measured transmission through the 

135 µm photostimulable layer plus the 370 µm polymer support is 19 %, which indicates a 

high detection efficiency of about 80 % in the NIP. The Gd-edge directly attached onto the 

NIP yields 60 µm resolution horizontally and 40 µm vertically Figure 4-7. 
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Figure 4-8: Reproducibility of NIP intensities by repeating always the identical measurement 

procedure: 10 min exposure → waiting time → scanning → 30 min erasing time. 

Left:  3 – 4 minutes waiting interval, Mean = 10050 ± 1150 

Right:  10 minutes waiting interval, Mean = 10700 ± 655 

For the first batch of NIP measurements, the reproducibility of open beam intensities, 

repeated under identical experimental conditions and read-out parameters, was disappointing. 

The PSL counts at 10 min exposure varied between 7000 and 11000, far beyond the 3 % 

power fluctuations. Our supplier recommended a waiting time of at least 5 min before 

scanning in order to stabilize the latent image. We have chosen a 10 min waiting interval for 

all subsequent NIP scans and the reproducibility has improved Figure 4-8. 

 

Figure 4-9: Imaging of the PSI Gd test mask with the NIP. A) The fine grid lines with 50 µm line 

width are clearly visible in the square. B) Siemens star with radial markers at 500, 400, 300, 200, 100, 50 

µm line pair resolution. C) The visibility of the periodic spokes becomes blurred between 100 and 50 µm 

resolution. 
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Finally, the Gd-edge resolution has been compared with a recently developed 

gadolinium test mask consisting of a Siemens star, with spoke periods from 500 to 40 µm, and 

a square grid with line widths of 150, 100 and 50 µm . The 50 µm grid lines are easily 

resolved in Figure 4-9a, whereas the resolution of periodic spoke structures lies between the 

two innermost concentric radial markers of 100 and 50 µm. Here again the intrinsic 

granularity affects the detection of line pairs and periodic structures Figure 4-9 b,c. 

 

 

Figure 4-10: Nitrogen filling for cooling the CCD camera. 
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Previously the CCD camera could only be filled once for a tomography measurement 

and the cooling lasted for a maximum time of 3 to 4 hours. This was a limitation. In order to 

exploit the full dynamic range, an arrangement has been made for a fixed nitrogen filling of 

the CCD camera. With the help of this arrangement, liquid nitrogen can be filled during 

measurement. Thus it is now possible to increase the exposure time and the total number of 

projections to get tomography measurements with good resolution and higher sensitivity. 

Promising applications of improved resolution and sensitivity have been presented in 

[Zawisky]. 

 

4.3 . Summary  

Each of our detectors has specific advantages and preferential application fields. The 

100 µm scintillator will preferably be used for tomography and NR time series, e.g., the 

penetration of water and consolidation agents in stones and building materials. Its strengths 

are reproducibility, position stability and low gamma sensitivity.  

The imaging plate is devoted to high resolution imaging of hydrogen and absorber 

distributions in thin materials, textile fibers and museum objects. It offers the highest 

resolution, detection efficiency and image gradation among the three detectors.  

It is shown in the following chapters that high spatial resolution down to the 50 µm 

regime is practicable with weak intensities of approximately 105 n/cm2s. With the new 

detectors the limits of spatial resolution and image gradation at this beamline have been 

reached; 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 µm resolution can only be exploited with thin and weakly 

scattering samples mounted directly on the detection plate. 

Specific features and preferential application fields of our upgraded digitized detectors 

are summarized in table 1. The 100 µm scintillation plate offers high position and intensity 

reproducibility which allows either sequential imaging in dynamic neutron radiography and 

tomography, or to increase statistical accuracy and sensitivity by repeated measurements. The 

spatial resolution cannot compete with imaging plates but in many cases, e.g. thick and 
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scattering samples, this disadvantage is of no practical consequence. Imaging plates offer best 

resolution and higher efficiency but our setup does not allow repetitive imaging. Granular 

artifacts in the plates are very disturbing in the inspection of material inhomogeneities. 

 

Table 4-2: Detector performance and preferred application fields at our beam line 

 Thin plate scintillators Imaging Plates ND&M 

Plus Reproducibility; 

Low gamma sensitivity; 

High efficiency; 

High resolution; 

Homogeneous profile; 

Good efficiency; 

Reproducibility; 

High resolution; 

Homogeneous profile; 

Efficient noise 

suppression; 

Minus Lower efficiency; 

Inhomogeneous beam 

profile;  

Medium resolution; 

Poor position 

reproducibility; 

Micro-artifacts; 

Mechanical abrasion; 

Higher sensitivity to 

gammas and scattered 

radiation; 

Long measurement 

times; 

Small detection area; 

Applications NT + sequential NR:  

Hydrogen distribution in 

materials; 

Penetration and diffusion 

of different consolidants in 

chemical restoration; 

Pore, grain, defect analysis 

in geology; 

Boron and rare earth 

analysis in steels and 

rocks; 

High resolution NR: 

Sensitive hydrogen and 

absorber analysis in thin 

materials; 

Hydrogen in textile 

fibers; 

Investigation of museum 

objects; 

High resolution + 

sequential NR: 

Absorber and defect 

analysis in engineering 

and geology;  

Imaging at reduced 

reactor power down to 

20 kW or with 

monochromatic beams; 
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Useful high-resolution applications within the framework of our projects are the 

detection of non-uniformities of neutron absorbing elements and isotopes in engineering, 

grain, porosity and defect analysis in geology, penetration of moisture and consolidation 

agents in building materials, hydrogen distribution in textile fibers, and high quality 

investigation of museum objects down to 50 µm resolution. Due to the low beam intensity 

sample activation is negligible at our instrument in most applications. 

We have quoted improvements in tomography, e.g., better grain resolution in feldspar 

and a more accurate 3D analysis of consolidation agents in lime-sandstones. Finally, we 

presented full dynamic range images of hydrogen distributions in thin samples which allow a 

very sensitive analysis of liquids in small sample regions. All these applications have been 

discussed in detail in the coming chapters. An application of the upgraded instrument was the 

continuation of steel inspection. The enhanced neutron transmission in thick boron alloyed 

steels has been confirmed with the new scintillator plate and the imaging plate detector as 

well. So far no boron inhomogeneities have been detected which could explain the enhanced 

neutron transmission. 
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5 ST. STEPHANS CATHEDRAL PROJECT 

5.1 INTRODUCTION 

St. Stephans Cathedral in the heart of Vienna has a volume of 20,000 m3, composed of 

different calcarenites (calcareous-sandstones), with an overall height of 137 m. The Cathedral 

has a long history, which started in the 12th century. It was nearly destroyed several times by 

war and fire, but was rebuilt each time to an increasingly larger cathedral. The corrosion due 

to wind, moisture, frost, acid rain, plant growth, bird excrements, etc., requires continuous 

restoration of its facade. The penetration of moisture into the highly porous stone texture 

creates a permanent mechanical stress on the weather exposed surfaces, e.g., conversion of 

calcite into gypsum and recurring freezing processes cause deep surface cracks and 

mechanical damages of the facade.  

Nowadays, a widely employed, but still disputed technique is the extensive use of 

stone consolidants and impregnation products to make the surface more corrosion resistant. 

This procedure is costly and can be even counterproductive if moisture penetrates regions 

behind the strengthened layers. In addition, restoration agents can cause discoloration and 

yellowing of the original substance. A traditional alternative restoration technique is the 

exchange of damaged stones by new but untreated stones of similar composition. The 

Cathedral’s stonemasons’ lodge, has been the base for the preservation of the cathedral since 

the middle ages [http://www.stephansdom.at/data/restaurierung/index.php]. Their main effort 

deals with the restoration and preservation of the building and is financed with a yearly 

cathedral budget and donations from the public. Recently, we started cooperation with the 

stonemasons’ lodge because neutron radiography (NR) and neutron tomography (NT) have 

been confirmed to be very useful for the non-destructive investigation of conservation agents 

[Nemec, 1999], moisture penetration [Pleinert, 1998; Gibbons, 1999; Abd, 2002; Hanzic, 

2002; Lehmann, 2004], rocks and geological materials [Winkler, 2002; de Beer, 2004]. In this 

chapter first results of this cooperation are presented. 

5.2 Restoration procedure and sample preparation  

The main goal of our project is the investigation of the penetration and distribution of 

the stone consolidant (strengthener) because a deep and homogeneous penetration is essential 
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in every restoration procedure. We also want to investigate the long durability of the 

restoration and protection agents by comparing freshly processed stones with older stones 

which have been restored several years ago. All our samples have been prepared with 

consolidants derived from silicic acid ethyl ester, i.e. ethyl silicates [WACKER OH 100]. 

They are low-molecular agents with high penetration ability, the binder formed in the stones 

is of mineral nature, and it resembles the building material and is acid-resistant. When 

applied, the product gets absorbed via the capillaries and reacts with the atmospheric humidity 

or capillary water to form silicic acid gel (SiO2 · xH2O), an amorphous solid substance. 

During the drying process ethanol removes some water from the hydrogel and evaporates 

together with water. Most of the strengthener is converted into the final gel after weeks under 

standard climatic conditions, when the final strength is reached.  

The penetration ability of the consolidant crucially depends on the pre-treatment of the 

surface, e.g. dirty crusted surface layers must be cleaned to make the area dry and absorbent. 

Large areas typically are sprayed with the agent while smaller samples can be immersed in a 

bath. The spraying procedure has to be repeated several times to achieve the desired 

penetration. After the treatment the surface remains hydrophobic for a period of 1-2 months, 

but this effect then disappears. Therefore the restoration must be finished by water proofing, 

which in our project is realized by a polysiloxan impregnation agent which forms a thin 

hydrophobic macromolecular film of silicone resin polymer on the pore walls. The protective 

layers shield the surface against water penetration but maintain the necessary vapor 

permeability of the building materials. For our preliminary studies we obtained a few samples 

from the original substance of the facade, i.e. boreholes of 2.5 cm diameter drilled out at 

different locations. In addition several sets of freshly quarried calcareous arenites were 

prepared with similar composition, but untreated and not weather-exposed. On these reference 

samples we applied the restoration products under laboratory conditions, to study 

systematically the potentials of NR and NT. 

5.3 Neutron studies on freshly prepared lime-sandstones  

We began our studies with newly-drilled cores from different deposits in the Viennese 

basin, in St. Margarethen and Mannersdorf, covered by sea 16 million years ago. The 

Götzendorf sandstone was formed 5 – 8 million ago in the coastal region of a freshwater lake. 

These deposits are main resources for the Cathedral’s building material [Müller, 1993]. The 
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calcarenites are classified by their deposit and several properties, e.g., hardness, porosity, 

grain size distribution, permeability, color. Stones with very different properties can be found 

in one deposit, which makes a systematic investigation very time-consuming. But the neutron 

transmission analysis is greatly simplified in calcareous sandstones because they are 

composed of weak-absorbing nuclei, e.g., quartz (SiO2), calcite (CaCO3), gypsum (CaSO4 

·2H2O), and spurious elements like iron. Therefore the neutron attenuation is dominated by 

the hydrogen content. In case of small absorption and scattering the neutron attenuation can 

be approximated by the exponential transmission law:  

 
teT Σ−≅  (5.1) 

Σ denotes the total macroscopic neutron cross section, and t the path length through 

the sample. The cross sections are tabulated for thermal wavelength ( nm18.0th =λ ) and must 

be converted to the experimental mean neutron wavelength λ . The total cross section can 

also be expressed as the sum of all isotopic densities iρ : 

 i
i i

i,th

th

A

A
N ρ

σ
λ
λΣ ∑=  (5.2) 

The microscopic cross sections i,thσ  and atomic weights Ai are tabulated for most 

isotopes; NA represents the Avogadro number. The neutron transmission directly relates to the 

densities in the sample. By transmission tomography the complete volume distribution 

)z,y,x(Σ  can be visualized, which allows to distinguish volume effects from surface effects. 

A complete 3D analysis of strongly attenuating elements like hydrogen and boron is possible 

if some information about the sample composition is available [Zawisky, 2004]. The typical 

measurement time for a tomographic scan is three hours at the Atomic Institute where a well-

moderated thermal neutron beam ( thλλ = ) is available. The typical exposure time for one 

radiography image is 40s using a 6Li-scintillation converter and a digital camera. The fast 

uptake of water and restoration agents can be detected by time-series of radiography images 

in one minute intervals. 
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Table 5-1.   Dominating microscopic thermal neutron cross sections (σth) in calcareous 

sandstones. The macroscopic cross sections (Σth) strongly depend on the physical properties (density, porosity, 

fossil) 

Element  σth (10-24 cm2) Mineral Σth (cm-1) 

H 82.35 bounded 

38 unbounded 

Water 5.6 bounded 

3.7 unbounded 

O 4.23   

C 5.56  Quartz 0.25 

Ca 3.26  Limestone 0.34 

Si 2.34  Quartz sandstone 1.5 

S 1.56 Gypsum 2.0 

Fe 14.18   

 

Our first observation was a variation in the migration rate of the consolidant which 

differs for every sample. Figure 5-1 shows two typical NR measurements, sample 1A is a hard 

St. Margarethen stone with low migration speed, and sample 1B, a soft and fine-porous stone 

from the same deposit but with faster migration and deeper penetration of the strengthener. 

 

Figure 5-1.  Neutron attenuation in two St. Margarethen during strengthening:  1A: hard, 1B: 

soft [Hameed, 2006].  
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Figure 5-2 shows the different migration behavior of water, strengthener, and 

impregnation agent, in a soft stone from Mannersdorf. The diffusion of water is always faster 

than of the consolidant. The migration of the consolidant is finally limited by solidification 

after a few days.  

 

Figure 5-2.  Freshly drilled cores from one block of soft Mannersdorf calcarenite. The stones were 

processed in a soaking bath of approx. 7 mm depth. Irrigation and consolidation were applied on the 

untreated dry stones. The water-repellent treatment was applied subsequent to the consolidation 

[Hameed, 2006]. 

 

Finally, we have confirmed that the consolidated and impregnated stones are water-

resistant by soaking them again in a water bath and analyzing the transmission profiles at 

different times. These preliminary measurements have demonstrated that the solvent and gel 

formed by the strengthener cause strong neutron attenuation, which is easily detectable by NR 

technique. Experimentally, it is convenient to immerse the samples in a bath and follow in situ 

the migration of the consolidant by time-resolved neutron imaging. Such investigations could 

be useful for a comparison of different products used in the restoration of Vienna’s sculptures 

and ancient buildings.  

Our partners are particularly interested in investigations under realistic conditions, 

when the samples are prepared under similar conditions as in large-scale restoration, where 
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the spraying technique is widely used. For this purpose a new series of St. Margarethen stones 

was prepared to study the neutron sensitivity after spraying the consolidant over a larger 

surface. After twofold spraying of the strengthener and air-drying three samples were cut 

from one block and investigated with NR and NT methods without further processing. As the 

solvent partly evaporates the neutron attenuation decreases over a period of one month after 

the treatment. The tomographic reconstructions yield a clear picture of the penetration of the 

sprayed consolidant, which typically lies between 20 and 30 mm (Fig. 3), thus, the high 

neutron sensitivity was successfully confirmed also under realistic conditions. 

 

Figure 5-3.  Tomographic images of three freshly cut and consolidated St. Margarethen 

limestones [Hameed, 2006]:  

a) 4 days, b) 9 days, c) 11 days after spraying; red and bright regions show the strengthener. 

 

5.4 NR and NT investigations of samples from St. Stephan’s 
facade  

The drilling of high-located, aged, and weather-exposed cores from the facade of the 

Cathedral is expensive, therefore samples can only be provided during ongoing restoration 

work. So far only five cores have been drilled out of the facade for our project Figure 5-4. The 

characterization and preparation history of the stones is summarized in Table 5-2. 

Table 5-2: Characterization of the samples from St. Stephans facade 

Sample 

 
Classification Restoration procedure 

F1 Cylinder Ø = 2.5 cm 

Götzendorf, less porous, medium-grained 

siliceous-sandstone, rich in quartz 

Spraying several layers strengthener 

Impregnation with water-repellent product  

Restoration period 1997 – 2004 
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Date:  1320   

Location: Albertinischer Chor 

Strongly weather-exposed, heavy winds 

F2 Cylinder Ø = 2.5 cm 

Leithakalk Mannersdorf, highly porous, 

coarse-grained  calcareous-sandstone 

Date:  1400   

Location: Southern Tower eastside 

Spraying several layers strengthener 

Impregnation with water-repellent product  

Restoration finished 2002 

Less weather-exposed, not in main wind 

direction 

F3 Cylinder Ø = 2.5 cm 

St. Margarethen highly porous, fine-coarse 

grained calcareous-sandstone 

Date: 1901 - 1903   

Location: Southern Heiden-Tower 

Spraying several layers strengthener  

Impregnation with water-repellent product  

Restoration period 1993 – 1995 

Weather-exposed, windy conditions, not in main 

wind direction 

F4 Profile 2.5 x 2.5 cm2 

St. Margarethen calcareous-sandstone 

Date: 1860 – 1880 

Location; High-Tower 70 m 

Untreated 

 

Less weather-exposed 

 

Surprisingly, the consolidant was not detectable in the outer regions of the cores 

Figure 5-6. In deeper regions the neutron attenuation was increased, either by higher density 

of calcium carbonate, or by higher hydrogen content that could be related to the consolidating 

gel or to linseed oil. Another explanation of the higher neutron attenuation could be iron 

hydroxide as natural deposit, because such a deep penetration of the sprayed consolidant is 

unlikely, and does not coincidence with our previous measurements. In addition, we recognize 

in the surface region at approx. 0 – 6 mm a crust of dirt, patina (iron hydroxide), gypsum, and 

in F3 probably also some silica gel as residues of the intervention. But neutron attenuation 

alone is not able to distinguish between the different impurities, deposits, and conservation 

products.  
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Figure 5-4: Sample F2 (left) was drilled from the weather-exposed Southern Tower, eastside. F3 

(right) from the weather-exposed southern Heiden-Tower. These areas have been treated with different 

restoration techniques several years ago [Hameed, 2006]. 

 

 

Figure 5-5.  Three cores drilled out from St. Stephan’s facade. The diameter is approx. 25 mm 

and the arrows mark the weather-exposed outer surface [Hameed, 2006]. 

 



St. Stephans Project 

60 

 

To verify whether the samples are still water-resistant several years after restoration 

and erosion, we performed a wetting from the outer surface in a soaking bath and recorded a 

time sequence of radiography images. The fast and deep penetration of the water in samples 

F1 and F2 confirmed our suspicion that the conservation products are no more effective 

Figure 5-7. Only F3 turned out to be water-resistant at the weather-exposed surface. But 

sample F3 reveals a similar pattern of neutron attenuation than F2; therefore an alternative 

detection method is required to get a clearer picture of the existence and distribution of the 

products.  

 

Figure 5-6.  Tomography of three cores from weather-exposed areas of the Cathedral’s facade, 

several years after restoration. Surprisingly, the consolidant was not visible at the outer regions. In the 

colored regions the neutron attenuation is increased by higher density and/or higher content of hydrogen 

and iron. In the bottom row the voxels of higher density and/or hydrogen content are extracted from the 

bulk in order to get a 3D impression of these regions of interest. In the untreated core F4 a surface crust is 

revealed at the weather-exposed surface (red layer) [Hameed, 2006]. 

 



St. Stephans Project 

61 

 

 

Figure 5-7.  Testing the water-resistance of treated stones from the Cathedral’s facade. Only in 

F3 moisture uptake was prevented effectively, while in F1, F2 the water-uptake was rather fast [Hameed, 

2006]. 

 

5.5  Alternative inspection methods  

A one-dimensional density profile can be obtained with ultrasonic detection. Two 

transducers were employed to determine the acoustic velocity along the sample height with a 

vertical resolution of 5 mm. The primary signal of acoustic measurements is the runtime of 

acoustic waves, which is delayed by circumventions in the presence of porosities because the 

waves preferably propagate through denser regions. Large velocities mark dense 

homogeneous regions, while increased porosity causes longer response times and marks 

regions of lower density. 
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Figure 5-8  Acoustic measurements along the vertical sample axis. Higher velocities mark regions 

of higher density. 

The acoustic measurements show reduced densities in the outermost 7 - 30 mm in all 

samples, followed by a region of higher densities, well in accordance with our tomographic 

results. We also recognize a compaction at the surface, approx. 7 mm deep, which was also 

revealed by neutron attenuation. The acoustic results therefore confirm, despite their poor 

spatial resolution, our tomographic measurements, but they cannot provide direct evidence for 

the penetration of the consolidant.  

Further on, the permeability of samples was determined. The permeability is a 

characteristic measure for the frictional resistance of a fluid in the material. It depends on the 

viscosity of the liquid, and on material properties like composition, porosity, and capillary 

diameter. The permeability p/kk f Δ=  is the amount of water transmitted through a well 

defined area per time unit at pressure gradient pΔ . We assume the same pressure gradients in 

all samples and calculate only the modified permeability k, defined as the amount of water 

flowing through an area of 1 m2 per hour Table 5-3. 

 

Figure 5-9  Left: Permeability measurement. The stones are hermetically sealed in vessels 

completely filled with water. Then the evaporation through the outer surface was measured over a time 
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period of 21 hours. Right: Measurement of drying rates of the wet stones in same configuration but empty 

vessels. 

Table 5-3:   Determination of the modified permeability k and the drying behavior 

Sample Permeability (kg / hr·m2) Drying time   

F1 0,302 280 h 

F2 0,392 254 h 

F3 0,243 785 h 

 

Another test for the water-saturated samples was the examination of the drying rates at 

room temperature. We used the same setup as for the permeability measurements but without 

water in the vessels. Therefore it is guaranteed that the drying can only take place through the 

outer surface. Samples F1 and F2 reveal a typical drying curve as expected for the Götzendorf 

and Mannersdorf calcarenites. The drying of F3 is strongly delayed by a surface compaction 

as confirmed with neutrons.  

The following techniques are destructive because they require cutting and polishing of 

thin slices or grains. Another disadvantage of these methods is that they provide only local 

information which makes global conclusions about the distribution of the consolidant 

problematic. From F1-F3, thin-sections of approx. 30 µm thicknesses were prepared, suitable 

for further optical investigations. Figure 5-10 shows scanning images using a photo scanner, 

original scan resolution 4800 dpi, compressed to 600 dpi for presentation. These images are to 

be compared with the tomographic reconstructions in Figure 5-6. The regions of higher 

neutron attenuation are partly revealed in the thin-sections as zones of higher density and 

lower porosity, also the surface crust is visible. 
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Figure 5-10  Optical scans of thin-sections. The surface crust and zones of higher density are 

clearly visible in F3, and partly also in F2. F1 shows a rather homogeneous and dense profile. In F1 and 

F3 we recognize grains of iron hydroxide (brown dots). The slices have been cut in two pieces (white 

dividing line) for polishing; the blue areas show the colored resin carrier. 

Finally scanning electron microscopy (SEM) combined with energy-dispersive x-ray 

analysis (EDX, Philips XL30 ESEM) was performed for an accurate chemical analysis in 

some small selected areas. In order to discriminate the consolidant we focused on the silicon 

distribution at specific regions on the thin-sections. In addition to this, SEM studies were also 

performed on uneven sample planes. The SEM procedure with thin-sections, which were 

previously coated with carbon in order to achieve electrical conductivity, was the following: 

Using the back-scattered detector (BSE), we first scanned the surface at low resolution at a 

viewing field of approx. 500 x 500 µm. At pores and grain contact areas we increased the 

magnification up to 2 µm x 2 µm and searched for gel structures and fine gel filaments. In 

such areas of interest a chemical analysis was then performed using x-ray diffraction. The 

alternative procedure of examining uneven planes obtained by simply breaking the samples 

and sputtering the surfaces with gold used the secondary electron detector (SE) and focused 

on morphological features at magnifications up to 1,000 times. This procedure certainly 

demands an experienced expert and yields only a small sampling from the slice. The silicon 

analysis of F1 is complicated by the high content of quartz grains, only sporadic evidence of 

silica gel was found near the surface, up to a depth of 5-6 mm. In F2 again, only sporadic 

evidence of silica gel fixed on grain contact areas near the surface that could unambiguously 
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be related to the consolidant. In F3 we found smooth filament structures which clearly reveal 

the gel Figure 5-11, but again only sporadically distributed near the surface. We also found 

evidence of hydrophobic layers shown in Figure 5-11c. In all three samples we found no 

evidence of silica gel in the inner regions which supports our view that the higher neutron 

attenuation in the tomographic measurements are mainly due to the higher densities in these 

regions. 

 

Figure 5-11: SEM detection of silica gel in F3: a) Fine filaments typical for gel formation b) 

Smooth amorphous gel structures in a pore c) Amorphous layers on grain surfaces indicate a thin 

hydrophobic film of silicone resin. 

 

5.6 CONCLUSIONS 

A comparison of the applied inspection techniques demonstrates that only the neutron 

method can provide a complete mapping of the strengthener. However, for an unambiguous 

identification of restoration agents the samples ideally should be measured before and after 



St. Stephans Project 

66 

 

the consolidation treatment. Then neutron tomography is the preferred technique for 

systematic studies on the penetration and distribution of restoration products in building 

materials. One only has to consider the decreasing hydroxide content during drying over the 

first weeks and the long-term transformation of the silica gel because these processes reduce 

the neutron sensitivity. Neutron radiography is the preferred technique for a fast assessment of 

the impregnation procedure and the comparison of different restoration products. 

The situation is more complicated if no information of the sample prior to the 

conservation treatment is available, as it was the case for the original cores from the 

Cathedral’s facade. Then the distinction between hydrogen distribution (consolidant), 

different densities (crust, pores, fossils), and spurious elements (Fe), requires additional 

analysis with other techniques. 

The comparisons of the results obtained with different techniques are in good 

agreement and allow a comprehensive assessment of the effectiveness of the applied 

restoration procedures. For the few provided samples it was found that the restoration 

products did not sufficiently penetrate the stones and that the hydrophobicity was not 

satisfactory in two samples. These results are surprising because they are in contradiction with 

our laboratory restoration experiments under ideal conditions using the same agents. More 

systematic studies are needed to investigate these discrepancies and in order to help to 

improve the restoration techniques. 
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6 INVESTIGATIONS OF STONE CONSOLIDANTS BY 
NEUTRON IMAGING. 

6.1 Introduction 

 

A stone consolidant should have sufficient stability and penetration so that the 

mechanical properties of the stone will be improved. The stone surface must not be sealed to 

ensure that the weathered stones are permeable to any existing humidity in the fabric as well 

as protected against further deterioration [Fleischer, 2005]. One of the properties that a 

consolidant must have is the ability to penetrate. The visualization of the penetration depth 

and distribution inside the stone is very helpful for conservators. Neutron imaging has been 

found to be very useful due to its high sensitivity and detection of hydrogen [Lehmann, 2005; 

Hameed, 2006; Cnudde, 2007]. Neutron transmission analysis is suitable for sandstones 

because they are made of quartz (SiO2) or calcite (CaCO3), which are weak-absorbing nuclei. 

In the case of weathered stones long after strengthening as the solvent evaporates, the neutron 

attenuation decreases. Neutron attenuation is therefore dominated by the hydrogen content 

[Hameed, 2008].  

6.2  The consolidants 

In this study, two consolidants have been used; silica ester (Wacker OH100) [Patent] 

and acrylic resin (Paraloid B 72) [DATASHEET]. These two types of strengtheners are very 

common in conservation. Silica ester is mostly used for the conservation of sandstone, 

whereas restorers use acrylic resin primarily for the conservation of marble or granite in 

Austria. In other European countries the use of Paraloid for the conservation of sandstones is 

also common. Silica ester is inorganic while Paraloid is an organic consolidant. There is a 

reluctance to use organic consolidants because acrylic resins are preferred by bacteria and 

other micro organisms. There is a danger of growing and feeding micro organisms. But if the 

change in physical properties is considered, the change of diffusion, strength, etc, paraloid 

maybe preferred in a low concentration as it fixes the particles together like glue. While silica 

ester fills the pores, reduces the water absorption and delays the dry out behavior. 
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6.3  Sample characterization and treatment 

Three types of stone samples have been presented in this study. A fresh calcareous 

arenite from Aflenz, a calcareous arenite from St. Margarethen, and weathered quartz arenite 

sample form Flyschzone. A description of these samples has been given in Table 6-1. 

 

Table 6-1:  Characterization of the samples 

Sample Description Treatment 

Sample 1 

(S1) 

Cuboid with the dimensions 120mm x 51mm x 

51mm. Calcareous arenite from Aflenz, Austria. 

Fresh sample from the quarry. 

Strengthened with silica ester on 

one side and paraloid 5% on the 

other side. 

Sample 2 

(S2) 

Cylindric with diameter 47mm, height 200mm 

Calcareous arenite, with large pores homogeneously 

distributed. From St. Margarethen, Austria. 

Strengthened with silica ester on 

one side and paraloid 5% on the 

other side. 

Sample 3 

(S3) 

Cylindric, diameter 47mm and height 180mm. Quartz 

arenite from the Flyschzone near Vienna; a strongly 

weathered sample from a building stone of the 

Cartusian Monastry in Mauerbach, Austria. Very 

homogeneous and fine pored.  

Strengthened with paraloid 1% 

 

 

Figure 6-1: (a) Thin section of the highly porous calcareous arenite from Aflenz (blue stained 

resin) consisting of debris from calcareous red algae and foraminifers. (Length of the picture about 

10mm) (b) Thin section of the highly porous calcareous arenite from St. Margarethen (blue stained resin) 

consisting of debris from calcareous red algae, echinoderms and foraminifers. (c) Thin section of 
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weathered quartz arenite from Lower Austria (Mauerbach) with a layer of crystallised gypsum on the 

surface (top of the picture); scale about 3x5 mm (crossed nicols). 

 

The images in Figure 6-1 show the thin sections of the samples. The general physical 

properties have been given in Table 6-2. All these samples have been strengthened in the 

laboratory by capillarity method. The stone was placed in a glass bath containing the 

strengthener. After strengthening, the stone was removed from the bath and neutron 

tomography was performed. 

 

Table 6-2: General physical properties of these stones 

Properties 

S1 - Calcareous arenite 

from Aflenz (Styria, 

Austria) 

S2 - Calcareous arenite 

from St. Margarethen 

(Burgenland, Austria) 

S3 - Quartz arenite 

from the flyschzone 

near Vienna (Austria) 

Compressive 

strength-dry 
9- 16,5 N/mm² 

49,0 N/mm2 (42,6 - 

56,1) 
70 N/mm² 

Apparent 

density 
1,75 - 1,95 g/cm³ 

2,08 g/cm3 

(1,97 - 2,26) 

2,59 g/cm3 (2,2 - 2,64) 

in correlation to the 

state of weathering 

Water 

adsorption 
12 – 16 M.% 7,9 M.% (3,6 - 10,2) 4 M.% (3 - 7) 

 

6.4 . Experimental procedure and results 

Neutron radiography (NR) and neutron tomography (NT) were performed. All 

samples have been strengthened in the laboratory by the capillarity method. The stone was 

placed in a glass bath containing the strengthener. After strengthening, the stone was removed 

from the bath and systematic NR and NT experiments were performed at the neutron imaging 

facility at Atomic Institute (ATI) in Vienna [Zawisky, 2008]. Later on neutron imaging was 
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performed at a higher flux at ANTARES, FRM 2 in Munich, Germany [Schillinger, 2004; 

Gruenauer, 2005].  

6.4.1  Comparison of ethyl silicate and paraloid 5% measured at ATI 

This experiment was performed with S1. The sample was strengthened with ethyl 

silicate on one side and paraloid 5% on the other side. From the results obtained, it was 

understood that the distribution of the two strengtheners is different. In the case of Paraloid 

5% a high unwanted concentration of the strengthener on the surface was visible. This had to 

be investigated further. So experiments were planned at ANTARES where neutron imaging is 

performed with cold neutrons at a high flux. Hence a higher sensitivity and better resolution 

was expected. 

 

 

Figure 6-2: The NT of S1 with different consolidants. Left) A homogeneous distribution of 

OH100. In right, there is a surface effect. This NT was performed one month after strengthening when the 

consolidants had stabilized. The neutron attenuation was higher in the initial NT measurements and lower 

afterwards which is due to the evaporation of the solvent over time.  A 400 µm 6Li based scintillator and a 

CCD camera were used. The exposure time was 40s per image and the number of projections was 180.  
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6.4.2 Comparison of ethyl silicate and paraloid 5% measured at 
ANTARES 

S2 was strengthened with the two different strengtheners then the NT measurements 

were made. These measurement were made with a commercially available scintillator (NE 

426) coupled to a CCD camera. In this case the exposure time per image was 9s and the L/D 

ratio used was 800. The total number of projections was 400.  

 

Figure 6-3: a) NT-bottom part of the stone strengthened with OH100. The NT measurement 

shows that OH100 is homogeneously distributed. b) NT of the top part of the stone strengthened with 

paraloid 5%.It is well visible that the distribution is different from the first case. The light colour shows 

low density of strengthener and the dark blue segments represent high density areas. These results are 

very interesting for geologists and conservators. 

 

On the surface of the stone there is a high density distribution of paraloid. With the 

help of these measurements this effect can be clearly seen. It has been shown that the 

distribution of the two strengtheners in the same stone is different. Figure 6-3b shows the 

pores at the surface are completely filled which is very bad as humidity cannot leave the stone 

through the dense surface. A stone needs to “breathe”. In other words, the stone should 

remain permeable to water vapor and liquid, in order to avoid any build up of moisture (and 

consequent sheer stresses) at the interface between the treated zone and the untreated stone 

below. After these results it was suggested that the concentration of paraloid should be 

reduced. Further experiments were performed with paraloid in 1% concentration.  
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6.4.3  Experiments with reduced concentration of Paraloid B72 on 
real weathered samples  

 

Several weathered samples were investigated. The most interesting results have been 

discussed for S3. These measurements were performed at ATI. The concentration of the 

consolidant was now reduced from 5% to 1%. 

 

 

 

Figure 6-4: NT of S3; a) NT before treatment, the dark segments represent humidity or mica. b) 

NT after treatment with paraloid 1%. In b) the arrows indicate layers where a lower concentration of the 

solution is visible. Figure 4b) shows NT of the stone soon after strengthening. A low concentration of the 

dark segments could be a result of sedimentary layering in more porous weathered regions. A rather 

homogeneous distribution has been obtained. By reducing the concentration, there is no negative surface 

effect visible.   
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6.4.4 Time series experiments with different strengtheners. 

Time series NR images were made during the strengthening process at ATI. An image 

was acquired every minute approximately.  The line profiles obtained from these images may 

be used to determine the speed and depth of penetration of the strengtheners. For small 

absorption and scattering the neutron attenuation can be approximated by the exponential 

attenuation law. Neutron transmission due to single and multiple scattering are only slightly 

enhanced (˂ 10%) at the tomography position. Using simple exponential attenuation, we get 

the transmission 

 teT Σ−≅ . (6.1) 

Σ denotes the total macroscopic neutron cross section, and t the path length through 

the sample. Using eq. (6.1) Σ can be determined from the NR image. This value was obtained 

for the strengthened stone and then the density of hydrogen ρH was found using eq. (6.2): 

 
thAH

HH
H N

A
λ
λ

σ
ρ

Σ
= .    (6.2) 

Where AH is the atomic weight and σH is the microscopic cross-section of hydrogen at 

thermal wavelength λth = 0.18 nm. NA is the Avogadro number. By transmission tomography 

the volume distribution of the total cross-section Σ (x, y, z) can be visualized, which allows to 

distinguish volume effects from surface effects. 

 

Figure 6-5: A) The line profile taken vertically along the centre of NR images of the time series. B) 

The density distributions of two different strengtheners along the height of the stone. The stones were 

strengthened to a height of approximately 3cm. The higher density at the bottom of the stone is due to the 

liquid in the bath.  
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6.5  Summary and Outlook: 

Different penetration and distribution of the strengtheners have been found with NR 

and NT. The results show clearly that the penetration of different stone consolidants depends 

on the physical properties of the stones, pore size, grain size and state of weathering. Paraloid 

5% is a very high concentration for a successful consolidation. The concentration has to be 

reduced. Neutron imaging techniques could become a very useful tool to evaluate 

conservation and restoration in combination with classical methods. NT is non-destructive 

and complete, yielding a 3D mapping of the consolidants. 
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7 NEUTRON SOURCES 

A major field of neutron radiography applications is the inspection of nuclear fuel and 

control rods, reactor materials and components of irradiation devices for testing of nuclear 

fuels and materials [Domanus, 1992]. Cracks were detected in TRIGA fuel rods at the Atomic 

Institute by the method of neutron radiography [Pochman, 1977]. Non-destructive analysis of 

nuclear fuel has been performed by means of thermal and cold neutrons [Lehmann, 2003]. 

Except for their nascent condition all objects from this area are radioactive and have therefore 

to be handled carefully. Due to the high radioactivity and poor penetrability, X-ray 

radiography cannot be used. 

Various issues can be addressed when neutron imaging is applied for nuclear 

applications. This method may be used to non-destructively check fuel assembly condition, 

check of component behavior, and check for leaks, quality control functional and dimensional 

evaluation and inspection of irradiation devices and components.  

A neutron radiograph will distinguish between the isotopes of many materials since 

these often have very different neutron cross-sections. Such differences are readily detectable. 

Neutron radiography can be used for quantitative measurements if sample geometry and 

composition is known sufficiently. It must be made clear that this method detects material of 

high neutron attenuation cross-section only and is not able to label an individual element. 

At the Atomic Institute in Vienna, different neutron sources are in use for instrument 

calibration and fast neutron applications. For the MCNP5 simulation of the experiments, the 

information about their geometry and material composition was required. Neutron imaging is 

a suitable method to get this information non-destructively. These investigations have been 

performed with digital imaging systems [Koerner, 2001; Zawisky, 2008] hence the 

quantitative determination and evaluation have been possible [Hameed, 2008].  

As the sources are radioactive, care was taken with regards to radiation protection. The 

time, date and duration of the irradiation has been documented. The output of the isotopic 

neutron sources was the same after the irradiation. During these measurements, at 40cm 

distance, gamma ambient dose was measured to be 1.37 µSv/hr for the PuBe source and 438 

µSv/hr for the AmBe source. For AmBe gamma background is high and can be shielded with 
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a thickness of 4cm lead because the energy of these gammas is very low, 60keV. The neutron 

strength of the source had a maximum value of 3Ci, which emits 5.65 x 106 n/s in 4π. In one 

meter distance, the ambient neutron dose rate can be 80 – 100 µSv/hr. This can be shielded 

with 40 – 50cm borated polyethylene or paraffin. In our case 30cm thick concrete was used 

for shielding. There is also a 10cm thick block of lead at the front part of the station for 

shielding gammas.  The irradiation during the neutron imaging measurements did not change 

the neutron emission of the sources. 

An area enclosed at a distance of 2m from the NR station was sealed during the 

measurement. As according to the radiation protection laws in the institute the radiation level 

outside the sealed area was below 10 µSv/hr total (including neutrons and gammas). 

 

7.1 SAMPLES 

Three isotopic neutron sources were investigated. Two PuBe sources of different sizes, 

a small one and a larger one and an AmBe source. 

 

7.1.1 Plutonium-Beryllium (α, n) Sources 

 Plutonium forms an intermetallic compound with beryllium of the definite form 

PuBe13 with a density of 3.7 g/cm3. The conveniently available plutonium isotope is Pu239, 

which emits 5.1MeV alpha particles. The half-life is about 2.3 X 104 years. The gamma rays 

emitted in the radioactive decay of Pu239 are weak and of low energy. Therefore Pu-Be 

sources offer the advantage of long half-life and the favorable characteristic of a low intensity 

of gamma radiation.  

The source is enclosed in a steel cylinder. The shape and geometry of the source was 

not known. In order to simulate the shielding for the source the thickness of the container and 

the exact geometry of the source were required. With the method of neutron imaging it has 

been possible to obtain the required information non-destructively. 
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7.1.2 Americium-Beryllium (α, n) Sources 

Americium also alloys with beryllium to form AmBe13. Am241 has a half-life of about 

470 years. Although this isotope decays by emitting alpha particles of about 5.4 MeV, these 

particles are followed by gamma rays in the 40 to 60 keV region in the majority of the 

disintegrations. This gamma-ray emission makes americium appear less satisfactory then 

plutonium for the preparation of neutron sources. The preparation of two types of sources 

with AmBe alloys has been described. One of these had a Be/Am atomic ratio of 263:1 and 

the other, identified as AmBe13, had an atomic ratio of 14:1 [Curtiss, 1958].  

7.2 Measurements and results 

Non-destructive analysis of radioactive sources was performed at beam line NR II. 

Both the visualization of the structure of samples and its quantitative description are important 

aspects in materials research. A neutron source can be described in all its three spatial 

dimensions with the method of tomography. The three dimensional tomography of radioactive 

sources is more challenging due to the higher background level and long exposure times in the 

highly absorbing materials. 

7.2.1 Neutron Radiography measurements 

Two dimensional neutron radiography measurements were made using the scintillation 

detector and the neutron imaging plate (NIP) detector. According to the application, each 

detector has its advantages and disadvantages as has been discussed in the following sections. 

7.2.1.1 PuBe source 

The cross section of the source was estimated to see the feasibility of the 

measurement. The information available about the sample was that the source was in the form 

of an alloy PuBe13. The density of alloy was 3.7 g/cm3. This alloy was enclosed in a steel 

container, the inner dimensions of which were not known. 

The cross-section was calculated by the following formula [Domanus, 1992]: 

 ∑=Σ i
A

c A
N

σρ  (7.1) 
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Where cΣ - macroscopic cross-section of compound, cm-1; ρ - density of compound, 

g.cm-3; NA- Avogadro’s number, A – Atomic weight of compound; σi – microscopic cross-

section of each atom, cm2. 

Table 7-1:  Cross section values of the elements in the sample [Domanus, 1992] 

Element 
Atomic 

no. 

Atomic 

weight 
Macroscopic cross-section cm-1 

Microscopic cross-section 

in barns (10-24 cm2) 

   Absorption Scattering Total Absorption Scattering Total 

Be 4 9 1.24 x 10-3 0.865 0.865 0.0076 7.61 7.6176 

Pu 94 239 57 0.478 57.5 1011.7  1011.7 

 

For the case of the PuBe source where plutonium forms an intermetallic compound 

with beryllium of the definite form PuBe13 [Curtiss, 1958], we have: 

 )13()1( •+•=Σ ∑ BePU
A

c A
N

σσρ  (7.2) 

Substituting the values taken from literature [Curtiss, 1958; Domanus, 1992], the 

cross-section comes out to be 6.9 cm 1− , which shows that this material is highly absorbing. 

The transmission should be more then the background. Considering the parameters of the NR 

II facility and our experience with highly absorbing boron alloyed steels [Zawisky, 2004], this 

measurement should be possible.  
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Figure 7-1: a) A neutron radiograph of a small PuBe source using the scintillator detector. The 

exposure time was 360s. b) Imaging plate radiograph with an exposure time of 50min. c) Neutron 

radiograph of the larger source obtained with the scintillator having an exposure time of 360s. 

 

Neutron radiography images were made with different detectors. Figure 7-1a shows a 

NR image with a 0.1mm thin scintillator detector coupled to a CCD camera. The scintillator is 

a 0.1mm ZnS (Ag)-6LiF coupled to liquid nitrogen cooled Astrocam slow scan CCD camera. 

The exposure time was 360s and the sample was placed close to the detector. The camera chip 

has a sensitive area of 12.3 x 12.3 mm with 512 x 512 pixels; each pixel being 24 x 24 µm. 

The lens used for these measurements was Nikon NOKT 105 mm F 2.0. Imaging plate 

detector has also been used. The BAS-5000 IP Reader [Fujifilm] enables the scan of BAS-ND 

20_25 cm2 neutron sensitive imaging plates with 25µm nominal and 40 µm effective 

resolution.  

Figure 7-2: a) A scintillator NR of the smaller PuBe source made with an exposure time of 360s. 

b) A graph showing the horizontal line profile taken as shown in a). From the line profile the diameter of 

the inner alloy has been determined. c) A line profile taken horizontally from a neutron imaging plate NR.  

 

In the NR images there are two steel cylinders one inside the other and then the source 

was inside. The empty spaces seen in the NR are filled with air. These may be called voids. 

The dimensions of the sample were determined by different methods. Using the software 

Image Pro [Image-Pro Plus 6.0 software], the grey values corresponding to the pixels could be 

determined. In order to extract data or pixel values from an image, line profiles are taken. 
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Figure 7-2 shows the line profiles for the images. Table 7-2 shows the values of the height 

and diameter of the inner alloy of the smaller source determined from the scintillator image 

and the NR made with an imaging plate detector. The imaging plate detector has a higher 

resolution and hence enables the determination of dimensions with a higher precision. 

 

Table 7-2: The height and diameter of the inner alloy of the PuBe source has been determined 

using different methods 

 Height (cm) Diameter (cm) 

Scintillator image (visually from the image) 2 ± 0.02 2.04 ± 0.02 

Scintillator image line profile 1.76 ± 0.02 1.92± 0.02 

NIP image line profile 1.88 ± 0.0025 1.64± 0.0025 

 

7.2.1.2 AmBe source 

A NR measurement of the source was made with the imaging plate detector. The 

sample was placed as close as possible to the imaging plate. This measurement was not 

successful. There was a high overflow. The reason for this was probably that this source is a 

high gamma emitter and the imaging plate is very sensitive to gamma. So the next 

measurement was made at a distance of 15cm from the imaging plate detector with an 

exposure time of 15 min. This measurement was successful, although it was not very sharp 

because of the large sample to detector distance. After this measurement more images were 

taken with different distances from the detector and with and without lead shielding to see the 

difference. These images have been shown in Figure 7-3. Increasing the distance between the 

detector and the sample leads to a loss of resolution. For the scintillation detector, it was 

possible to make a neutron radiograph with the sample placed close to the detector as the 

scintillator is not sensitive to gammas. Hence the scintillator image has been used for further 

analysis. 
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Figure 7-3: a) to d) shown neutron radiographs made with the imaging plate detector.  These 

images have been made at different distances from the detector. Also images were made with and without 

shielding to get best results. e) is a scintillator image and hence is not affected by the gammas. 

 

Table 7-3: Different NR measurements of the AmBe source 

Image Shielded Detector Distance  Exposure time Mean 

counts 

a) Unshielded NIP 6cm 20 minutes 54823 

b) Shielded NIP 5cm 6 minutes 3056 

c) Shielded NIP 6cm 30 minutes 14855 

d) Unshielded NIP 15cm 15 minutes 30489 

e) Unshielded Scintillator Close to detector 6 min 30294 
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Figure 7-3, a) shows the NR of the source placed close to the detector without 

shielding, which may be the reason for the high overflow. Shielding refers to a 3cm thick 

block of lead that was placed between the detector and the sample. Table 7-3 shows that with 

the NIP it was not possible to obtain a meaningful image close to the detector without any 

shielding placed in between. Although when the distance between the detector and the sample 

was increased to 15cm, NR image could be made without placing any shielding between the 

NIP and the sample. The scintillator may be considered to be suitable for the imaging of this 

source as it is not sensitive to gammas and the source can be placed close to the detector to 

obtain a sharp image.  

The NR showed a crack in the source which led to the conclusion that it is not an 

alloy, but a powder pressed together. After the formation of crack, the crack was probably 

filled with helium gas as this was a product formed during the reactions inside the source. The 

material containing the source that is the container was thought to be steel. But from the 

neutron image it was found that there were two different containers, one inside the other. The 

two containers were made of different materials. In this image the source had been placed 

upside down. At the bottom of the source (which was seen at the top in the image), there 

seemed to be two layers of unknown material as the attenuation levels were different. It was 

then suggested to make a calculation of the cross-section of these materials with the help of 

which the density could be calculated and an attempt made to determine the material. 

 

Figure 7-4: The NR image of the AmBe source. a) The rectangular area shows the area of interest 

that was analyzed to determine the material of the outer container. b) The rectangular area represents the 
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region analyzed to determine the material of the inner cylinder. c) The rectangular region was analyzed to 

find the density of the source which was required for the input file of the MCNP calculation. 

 

For analysis, open and dark images were used. The sample image was rescaled. After 

applying a median filter and the corrections, an area of interest was chosen as shown in Figure 

7-4. The mean intensity was measured from the histogram and the transmission calculated. 

Then the macroscopic cross-section can be given by: 

t
Tln−

≅Σ  (7.3) 

T is the transmission and t is the thickness or the distance traversed by the neutron 

beam through the sample. For the area of interest (AOI) shown in Figure 7-4 a), the 

experimental value of the cross-section was found to be 0.122 cm-1.  The value of the cross-

section [Domanus, 1992] 0.098 cm-1 corresponds to aluminum (Al). So it was concluded that 

the outer container is made of aluminum. By a similar analysis, the material corresponding to 

the aoi shown in Figure 7-4 b), which is the inner cylinder, is platinum or steel. In order to 

determine the density of the source, an aoi of interest as shown in Figure 7-4 c) was chosen. 

 

Table 7-4: Dimensions of all three sources measured from the scintillator radiographs. 

Source Diameter of alloy (cm) Height of alloy (cm) 

PuBe-small 1.76 ± 0.02 1.92± 0.02 

PuBe-large 2.8 ± 0.02 3 ± 0.02 

AmBe 2.24 ± 0.02 1.5 ± 0.02 

 

The experimental value ofΣ , the macroscopic cross-section of the AmBe source was 

found to be 0.2029 cm-1. Using the formula: 
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There are two possibilities of calculation of the density. The AmBe source can have 

Be/Am atomic ratio of 263:1 and the other, identified as AmBe13, had an atomic ratio of 14:1 

[Curtiss, 1958]. Using the first atomic ratio, the value of ρ is 0.4054 g.cm-3 and using the 

second ratio, the value of the density is found to be 0.6542 g.cm-3.  

 

7.2.2 Neutron tomography measurements 

 

Neutron tomography measurements of the PuBe source (small) were made with a 

0.1mm Li based scintillator coupled to a CCD camera. Two sets of measurements were made. 

The first set comprised of 80 projections with an exposure time of 120s each. For the second 

set of tomographic measurement 150 projections were acquired each having an exposure time 

of 180s. As the source is highly absorbing, there were problems of enhanced background, 

strong absorption and beam hardening artifacts. 

 

7.2.2.1  Correction of beam hardening 

The use of polyenergetic thermal neutrons is very useful for the investigation of strong 

absorbing materials, because at the tail of the Maxwellian energy distribution the neutrons 

have sufficient energy to penetrate thick materials with large macroscopic cross sections. 

Surprisingly, such low transmission experiments can be performed with rather poor neutron 

intensities (≈ 105 n cm-2 s-1) [Zawisky, 2004], and even tomography of strong absorbing 

objects is now performed routinely at our beam line [Zawisky, 2004]. The disadvantage of 

using polyenergetic neutrons is the pronounced beam hardening artifact causing an 

enhancement of neutron transmission in thick and strong absorbing materials. The beam 

hardening effect yields inhomogeneities in tomography measurements, i.e., in the centre of 

the sample the density is apparently lower than expected from a homogeneous absorber 

distribution.  
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Figure 7-5: a) A reconstruction with Octopus software [Octopus software]. b) A reconstruction 

with IDL software without beam hardening correction. c) A reconstruction with IDL software with beam 

hardening correction. d) A 3-D view after beam hardening correction. e) A change in the transparency 

shows that beam hardening has been corrected to some extent; there are still regions which show a lower 

density. 

 

In a simple model, where the Maxwellian neutron spectrum is approximated by a 

Gaussian, the beam hardening artifact can be corrected by an exponential term which depends 

only on the spectral width δλ  of the wavelength spectrum as additional parameter (δλ = 0.075 

nm, λth ≡ 0.18 nm) [Zawisky, 2004]: 
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The correction procedure is the following, using a self-written IDL (ITT Visual 

Information Solutions) program. First the macroscopic cross sections Σi and the source 

geometry are estimated from radiography measurements. Then, by assuming constant cross 

sections in Eq. (7.1), the exponential correction term is applied to the experimental 

transmission T when calculating the sinogram. The rest follows the standard filtered back 

projection algorithm. With this very simple but effective correction technique good results 

have been obtained for boron alloyed steel rods [Zawisky, 2004], and now also for strong 

absorbing neutron sources as shown in Figure 7-5. It should be mentioned here that the beam 

hardening correction indicates a smaller cross-section of approx. 5 cm-1 than the estimated 

value for the PuBe-source represented by the red regions in Figure 7-5. 

 

7.3 Conclusions and outlook 

 

The geometry of the neutron sources was determined with the method of neutron 

radiography. The unknown material density of the AmBe source was calculated. This 

confirms that the method of neutron imaging can be used to non-destructively get information 

about samples containing materials which have cross-sections that can provide a good 

contrast. Non destructive analysis of radioactive sources was performed. Both the 

visualization of the structure of samples and its quantitative description are important aspects 

in materials research. Another aspect is the three-dimensional investigation. Neutron 

radiography and tomography were performed to get qualitative and quantitative information 

about the sources. 

It will be interesting to perform imaging of these radioactive sources with transfer 

technique [Domanus, 1992]. Traditionally, Dy or In is used as a primary detector where 

converter reaction by neutron capture takes place in fields with high gamma content. The 

induced activity is later used to stimulate a radiation sensitive film. Recently imaging plates 

have been used successfully instead of X-ray films [Lehmann, 2003]. Imaging plates have the 

advantage of higher sensitivity, the option for digitization and a high dynamic range. Films 

may have a better spatial resolution which may be required for some special applications. A 

regime can be applied for the extraction of the induced images on the imaging plate by either 
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the short-lived component (for half an hour directly after the end of the neutron exposure) or 

some hours later (with image plate exposure for about 4 hours). These experiments were 

perfomed at PSI. At ATI we may make systematic studies of the comparison between these 

two different runs and determine the optimum exposure times in our case. 
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8 TEXTILE FIBERS 

8.1 Introduction 

Tencel Lyocell fibers are used in duvets. The basic requirement of a quilt is thermal 

insulation. During sleep the human body perspires, therefore moisture management of the 

duvet is essential for a comfortable sleep. The release of humidity has to be accommodated by 

the quilt. Hence moisture absorption and humidity transport are very important when 

designing a coverlet [Schuster, 2004; Abu-Rous, 2007]. 

Neutron imaging is suitable for studying moisture transport processes due to the 

sensitivity of neutrons for hydrogen [Zeilinger, 1976; Rauch, 1977; Weder, 2004]. Neutron 

radiography was used to investigate the moisture distribution in textile fibers under praxis 

conditions. Real time neutron radiography made it possible to follow the dynamics of the 

moisture transport without disturbing the ensemble during measurement.  

8.2  Experiments and Results 

The experiments were performed at the NR II station at the Atomic Institute. Here we 

have a collimated thermal beam having a neutron flux of 1.3 x 105 cm-2s-1. Digitized neutron 

imaging with a high dynamic range of 16 bits can be performed. Different detectors may be 

used. Li based scintillator in combination with a CCD camera, 200 µm  resolution  and  an 

imaging plate detector, 50 μm resolution. These detectors due to their characteristics have 

specific applications [Zawisky, 2008]. 

At the Atomic Institute we have a long tradition of neutron radiography. Moisture 

transport is one of the interesting topics we have been working on [Rauch, 1977; Hameed, 

2006]. 

8.2.1  Dynamic neutron radiography 

Dynamic neutron radiography or real time neutron radiography means that images can 

be made continuously after a fixed time interval depending on the exposure time chosen. So 

the process can be followed in real time without any disturbance to the experimental 

arrangement. 
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A humidifier was used to provide moisture at a controlled temperature. On the 

humidifier, an aluminum box with a partition in the centre was placed. Non-woven fiber 

samples were placed in the two compartments of the box. Two layers of non-woven were 

used as half of the first layer could not be seen; it was hidden behind the wall of the 

humidifier.  

 

Figure 8-1:(a) The experimental arrangement showing the aluminum box placed close to the 

scintillator. (b) NR of the fiber samples inside the aluminum box. (c) NR of the fiber samples without the 

box. On the lower side the dark region shows the wall of the humidifier. 

In the middle of the Al-box, there was a double wall of about 6mm thickness. This Al-

layer is visible to neutrons and the area covered in the image is quite large. So the experiment 

was then performed without aluminum box. 

8.2.2  Experiments of fibers enclosed in pillows 

The fibers were enclosed in stitched pillow bags, to simulate real conditions and to 

avoid evaporation. Aluminum wires were placed on the humidifier walls at a height of about 

1.5cm in order to see the bottom of the fibers. The purpose was to raise the samples so that the 

lower part was not hidden behind the walls. The fibers were then placed on top of the wires. 

 

Imaged 32 min after placing 
in the aluminum box on top 
of the humidifier. 

Image without aluminum 
box 32min after placing 
the sample on the 
humidifier. 

a) b) c)
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Figure 8-2: a) the experimental arrangement showing the fiber samples in pillows. b) NR showing 

lyocell on one side and polyester on the other side. c) NR showing condensation along the wires after 

80min. d) a high resolution NR made with the neutron imaging detector. CLY represents Lyocell and PES 

stands for polyester. 

 

These were placed on the humidifier at room temperature of 24°C. A few images were 

made in these conditions. Then the thermostat was switched to a temperature of 35°C. A 

series of 90 images was started at room temperature. The temperature became stable at 35°C 

in about 15 minutes and was maintained for half an hour. After that the temperature was 

increased to 50°C (which took about 15 min). Again this temperature was maintained for half 

Room temperature, after 53s, 
first image of the time series. 

50°C temperature, after 
80min, image number 90 of 
the time series. 

CLY PES 

NR with imaging plate detector 
after two and a half hours. Exposed 
for 10 min at a temperature of 50°C 

a) 

c) d)

b)
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an hour. During all this time, images were taken at an interval of 53 seconds (the exposure 

time being 40s with a grabbing time of about 13s). 

A time series of neutron radiographs was made with the scintillator and CCD camera. 

The exposure time for each image was 40s. Then an image was made with the imaging plate 

detector. The exposure time for the imaging plate detector can be between 10min and 50min. 

An exposure of 50 minutes yields maximum hydrogen sensitivity and 16 bit image gradation. 

After exposure, time is required for scanning and erasing the plate before it can be reused. So 

the repetition interval between two such images would be about one hour. 

No considerable difference in the water content in the fibers could be observed. 

Maybe this was due to the pillows (covers). It was then decided to perform the experiments 

without pillows. 

8.2.3  Imaging plate neutron radiography measurements 

Imaging plate was then used to get a high resolution image in the beginning of the dry 

sample (sample at room conditions) and after humidifying at 35°C. Then the difference in the 

gray values can be seen qualitatively and quantitatively.  

The fibers were placed without the pillows (covers) directly on the humidifier without 

using wires. The condensation of the water is clearly visible at the image in Figure 8-3 where 

the temperature difference from the surroundings is almost 40 ºC. Due to the temperature 

differences, the water condensation takes place on hydrophobic polyester fibers. Hygroscopic 

Lyocell fibers absorb water, the neutron images appear in dark–grey color. 
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Figure 8-3. Top: Experimental setup. The humidifier was filled with water (textile was fully wet) 

and the Lyocell foil was placed on the top of the wet textile. In this setup, the wires weren’t used to make a 

distance between the foil and textiles. Bottom: Imaging plate NR of the filling fibers, exposure time 10 min 

at 62C. This image shows the condensation near the surface; it seems that the water droplets are placed 

“above the fiber sample”. This phenomenon has to be clarified. 

C
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The image in Figure 8-3 raised the question if the condensation occurs on the 

polyester fiber or on the walls of the imaging plate as well. This was checked by imaging 

without the sample and no condensation was found. So it can be said that the condensation 

was not on the detector.  

Figure 8-4 shows the images with the imaging plate at different temperatures. These 

images were made with an exposure time of 10 minutes. The graphs show the change in 

moisture with respect to temperature and time. 

The analysis was done by measuring the grey values. The lower the value, the higher 

is the quantity of water absorbed by the sample. In case of small absorption and low 

scattering, the neutron attenuation can be approximated by the exponential law: 

 
t

oeII Σ−≅  (8.1) 

Where I is the intensity of the transmitted neutrons after penetrating a distance t into 

the target. In our case t is the thickness of the sample. Io is the intensity of the beam incident 

on the sample. Σ is the macroscopic cross-section. The measurement of neutron transmission 

through the sample allows in principle an absolute determination of the sum of cross sections 

and densities in the sample:  
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From the neutron radiograph, the macroscopic cross-section can be calculated. From 

the macroscopic cross-section, the density of the material may be determined. ρ is the density 

of the material in gcm-3, A is the atomic weight, NA the Avogadro’s number and σ the 

microscopic cross-section in cm2. 

In this project we are mainly interested in the water content, therefore one has to 

normalize the intensities behind the wet sample to the dry sample in order to determine 



Textile fibers 

94 

 

 )exp( t
I
I

T water
dry

wet
water Σ−==  (8.5) 

From Σwater the absolute water density ρwater could be evaluated. This was not possible 

in this project because dry samples have not been prepared for the measurement of Idry. 
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Figure 8-4: Neutron Radiographs with imaging plate detector, starting with room conditions. 

Graph 1 and graph 2 show the line profiles taken along the height of the lyocell fiber at different 

temperatures. Graph 3 shows the preliminary analysis of the density of water or hydrogen relative to 

temperature. 

From the graphs in Figure 8-4 it can be seen that the temperature has a detectable 

influence on the water content. The higher the temperature of humidifier, the higher is the 

water content and the lower is the neutron transmission. Time of the sample at certain 

temperature is not a considerable influencing factor because the grey–values do not differ a 

lot when exposing the sample at 35 ºC for a longer time period. 

For graph 1 shown in Figure 8-4, a line profile was taken vertically along the height of 

the sample starting from the bottom to about 2cm above the Lyocell sample. The height of the 

Lyocell sample was 4,5cm and that of the polyester sample was 6cm. The transmission was 

calculated and plotted relative to the height. Lower transmission corresponds to higher value 

of moisture content. So we see that there is higher moisture content on the lower part of the 

sample which is close to the humidifier. As the temperature increases, the transmission 

decreases and hence the moisture content increases. Graph 2 shows a significant change with 

temperature. There is a non linear relationship between the transmission and the water 

content.  

An analysis was done of the density of water in the two kinds of fibers relative to 

temperature. This density is not an absolute value. Io is not Idry, so Σ and ρ are not Σwater and 

ρwater respectively. If Iwater is known, the value of ρwater can be determined. As we don’t know 

the density of the completely dry samples without any humidity, we have taken a difference 

between the wet sample and the sample at room conditions which contains a certain amount 

of moisture. It has been assumed that Io = Idry for the determination of ρwater. This analysis has 

been presented in graph 3. The area of interest for this analysis was a square area chosen each 

on the Lyocell sample and the polyester sample as shown in Figure 8-4.  

The sample changes its shape a little bit during the experiment. After the experiment 

was done, the sample mass was determined gravimetrically. Polyester fibers seem to 

distribute moisture very homogenously all over the sample while for Lyocell fibers, the water 

remains more at the bottom of the sample. Lyocell sample was not wet homogenously. 

Lyocell fibers absorb water into the fiber structure and therefore the water transport is not so 



Textile fibers 

96 

 

quick like for polyester fibers. Polyester fibers have high surface water–conductivity and 

that’s why the water is distributed homogenously all over the non–woven. 

8.2.4  Imaging of fiber samples enclosed in plastic bags 

The two types of fibers Lyocell and polyester were humidified to different levels or 

percentage of humidity and enclosed in plastic bags. Then neutron imaging was done under 

stable conditions, due to which the exposure time was increased to 50 min to get a higher 

sensitivity. 

Figure 8-5: Neutron radiographies made with an imaging plate with an exposure time of 50 

minutes. These images clearly show the humidity distribution in the two types of fibers. 

8.3 OUTLOOK 

A quantitative analysis of the mass fraction of water is possible. For this purpose the 

value of the density of the completely dry sample is required. The relation of the humidity 

content with temperature and time may be studied. A comparison can be made with the 

gravimetric analysis.  Such an investigation can give interesting insight into the diffusion 

phenomena. 

Imaging plate NR of the fibers in a plastic 

bag with 30% humidity. 

Imaging plate NR of the fibers in a plastic 

bag with 10% humidity.  

CLY 

PES 
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Further experiments can be performed using H2O and D2O. Light water and heavy 

water give a very good contrast for neutron radiography. This can be useful for investigating 

moisture transport in moist samples [Rauch, 1977]. Neutron tomography under stable 

conditions can also be performed to get a three dimensional distribution of humidity. 
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9 HYDROGEN TRANSPORT STUDIES  

9.1 Introduction 

Water in building materials like stones and concrete can be detected with a high 

sensitivity using the method of neutron imaging. The method of neutron imaging is suitable 

for studying moisture transport due to the high cross-section of neutrons for hydrogen [Arif, 

2003]. Neutron radiography experiments have been performed in the past with a film detector  

to investigate the diffusion of water [Rauch, 1977]. Rauch studied the diffusion of light and 

heavy water due to the good contrast that hydrogen and deuterium have for neutrons. 

[Pleinert, 1998] developed a method for the neutron transmission analysis using point 

scattered functions. [Pel, 1993; Abd, 2004; Cnudde, 2008]  carried out studies on the diffusion 

of water inside porous building materials. Recently [Hassanein, 2006] has developed a 

quantitative neutron imaging program based on [Pleinert, 1998] and [Kardjilov, 2005]. This 

software makes corrections to the scattering disturbances in radiography images. The 

advantage of modern digital detectors is the high linearity with the beam intensity and a high 

dynamic range. Along with visualization, the quantification of the water content is also 

possible. Another improvement is the shorter recording time and better reproducibility. A 

time series of neutron radiography measurements can be compared pixel wise. A loss of 

sharpness and resolution compared to the film method is the drawback of digital detectors. 

Projects based on the hydrogen sensitivity of this method to study the transport of 

hydrogen in building materials and textile fibers have been carried out. Dynamic neutron 

radiography made it possible to follow the dynamics of the moisture transport without 

disturbing the ensemble during measurement. 

9.2 Hydrogen detection sensitivity in thin materials at ATI 

To quantify the hydrogen content in rocks and consolidated stones one has to consider 

single and multiple scattering. In thin samples and sufficient detector distance the beam 

attenuation is determined by Eq.(9.1) using the total macroscopic cross section Σ = Σa + Σs 

(Σa,s = absorption, scattering cross sections). Multiple scattering occurs if the sample thickness 

d approaches the neutron’s mean free path length ( s/1L Σ=  ); it enhances neutron 
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transmission and causes deviations from the ideal exponential transmission law [Sears, 1975]. 

Figure 9-1 gives an example for hydrogen quantification in a calcareous arenite with 4 mm 

thickness. From the measured hydrogen density one derives a mean path length of L = 40 mm 

and a thickness-to-path-length ratio of 0.1 which indicates that multiple scattering remains 

negligible in wetted thin-slices. Empirically, by changing the sample-to-detector distances 

from 2 – 29 cm, we found no scattering artifacts in wetted slices up to 4 mm thickness, and 

only a slight transmission enhancement of 10 % at 1 cm detector distance. 

 

Figure 9-1: NIP images of a 4 mm thin-slice calcareous arenite in dry and wet condition after 30 

min wetting in a soaking bath. The density profile was determined along the vertical axis in steps of 25 

µm. 

A lower bound for density resolution Δρ in small sample areas can be derived from the 

variance of pixel count numbers in the area of interest [Sears, 1983]: 
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Here, Nwet , Ndry represent the total count numbers of the wet and dry samples in an 

area of interest, with variance δN . As shown in [Zawisky, 2008] the scintillator’s and 

imaging plate’s variances of pixel values are larger than the ideal Poissonian variance. σ 

denotes the microscopic cross section of water, M the molecular weight and NA the Avogadro 

constant. The statistical accuracy in density measurements of wetted thin-slices with 4 mm 

thickness Figure 9-1 reaches 10-3 g/cm3 in 1 mm2 region of interest (= 40 x 40 pixels), when 

analyzing a full dynamic range NIP image, i.e., Ndry ≈ 60000 counts in the 25 x 25 µm2 pixels. 

 

Figure 9-2: Comparison of two full dynamic range images of a thin water layer between two 

aluminum plates with 40 µm thickness on average. Left: 100 µm thin plate scintillator with 200 x 200 µm2 

optical resolution. Right: Imaging plate, 25 x 25 µm2 readout resolution. Dry and wet regions are clearly 

resolved in both detectors but the better spatial resolution of the imaging plate allows a more precise 

density analysis (contrast of the raw images enhanced only for presentation). 

 

Finally, spatial resolution and hydrogen sensitivity of the imaging plate and the thin-

plate scintillator have been investigated. Figure 9-2 shows neutron images of a thin water film 
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with 40 µm thickness on average, where the NIP provides a much sharper picture and higher 

sensitivity to film inhomogeneities. According to Eq. (9.1) the images of the wet sample have 

to be normalized to the dry images for determining the water density. The density resolution 

in the film approaches 03.0≈Δρ g/cm3 using the imaging plate, but only 2.0≈Δρ g/cm3 

with the scintillator due to the much lower total count numbers in the areas of interest. By 

choosing areas of 1 mm2 along the black lines in Figure 9-2 for density analysis one integrates 

5 x 5 pixels in the scintillator (200 µm optical resolution) but 40 x 40 pixels in the imaging 

plate (25 µm resolution). When comparing full dynamic range images the higher resolving 

detector also yields higher sensitivity in the same area. To achieve high sensitivity and image 

gradation full 16 bit pixel saturation is required, i.e., 50 min exposure time with the NIP at 25 

µm pixel resolution.  

9.3 Investigation of liquid transport by dynamic NR 

Neutron radiography studies of the mutual diffusion of light and heavy water were 

first performed by [Chountas, 1968] at temperature of 0-15 oC. Based on the Fick’s second 

law the diffusion coefficient could be determined when an experimentally obtained 

concentration profile was available. Concentration profiles were obtained after different times 

after the start of the diffusion process. The diffusion results had a good agreement with 

literature, but some significant deviations were observed as expected for a constant diffusion 

coefficient. These deviations suggested a concentration dependence of the diffusion 

coefficient. Hence more detailed investigations were undertaken [Rauch, 1977]. 

[Pel, 1993; Abd, 2004] also made similar studies for the diffusion of water in porous 

building material and calculated the diffusion coefficient of water in porous stones. The 

diffusion coefficient was referred to as moisture diffusivity.  

[Pleinert, 1998] developed a neutron transmission analysis technique based on the 

Point Scattered Functions. This technique was optimized for the study of moisture in building 

materials to extract the quantitative information from the experimental data. The diffusion 

coefficient were referred to as moisture transfer coefficient. 

The exponential law of attenuation equation (5.1), is for an “ideal” neutron radiograph 

transmission image with a monoenergetic neutron beam. In reality there are deviations from 
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this law due to various factors. A considerable factor is the neutron scattering. The neutrons 

scattered from the sample appear as an extra intensity in the radiographs, which lead to the 

interpretation of reduced attenuation or as lower mass density of the material. Apart from this, 

neutrons that do not pass through the sample can be scattered at the surrounding of the 

sample, for example the camera box or at the neutron shielding. This background scattering 

leads to an extra intensity at the detector. As the neutron beam is usually polyenergetic, there 

are further distortions. Beam hardening effects may be expected as the cross sections of 

materials for neutrons usually decrease with increasing neutron energy. So the effective 

attenuation coefficient decreases with the sample thickness. As the neutron spectrum behind 

and in front of the sample is not the same, the energy dependent detector efficiency has to be 

taken into account. 

In order to make corrections for the effects mentioned above, [Hassanein, 2006]  

developed a correction algorithm based on [Pleinert, 1998; Kardjilov, 2005]. This software is 

known as QNI (Quantitative Neutron Imaging). This software was applied to investigate the 

penetration of water and NaCl solution in different stones [Hassanein, 2006]. Various 

transport phenomena are involved in the process of moisture transport. These phenomena 

include capillary transport and diffusion and involve the transport of water in both gaseous 

and liquid phases. A simple expression to describe capillary uptake is obtained by solving the 

Washburn equation (9.2): 

ݔ ൌ ඨ
௘௙௙ݎߪ
ଶߛߟ2  (9.2) ݐ√

In the above equation, the intrusion depth of the water front is represented by x, the 

surface tension by σ, the viscosity of water by η and t is the time. γ denotes the tortuosity and 

the effective capillary radius of the stone pores is reff. 

[Cnudde, 2008] also made a similar analysis and made a confirmation by comparing 

with classical geological methods. A simple model of capillary transport approximates the 

wetted region as a saturated wet front, ‘a sharp wet front’ or a ‘moving boundary’. Using the 

following equation, the penetration coefficient can be determined: 
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ݔ ൌ  (9.3) ݐ√ܾ

x represents the penetration depth of the wet front, is the length-related penetration 

coefficient which can be determined experimentally based on the radiographs taken over time. 

Analyses have been made to study the penetration of water in different stones that are 

used in historical buildings and monuments in Vienna using the method of dynamic neutron 

imaging. 

9.4 NR series of the imbibition of H2O with thermal neutrons at 
ATI 

NR series were made of IV17-STM which is a fresh calcareous arenite from St. 

Margarethen. This was a cylinder of height 20cm and diameter 4.7 cm. The NR measurements 

were made at ATI with a 400 µm 6Li based scintillator. The distance between the sample and 

the detector was 9 cm. The exposure time for each image was 40 s. The sample was placed in 

a bath containing water and then the measurements were made. Before starting the time 

series, a NR image of the dry sample was made for reference. 

 

Figure 9-3: Time series showing NR after different intervals of time. The red lines represent the 

line profile take vertically. 

Figure 9-4, left shows the transmission line profiles of the neutron radiography images 

taken after different time intervals. The right side shows a graph of the water wave front 

position versus the square root of time. This graph is for the 10th image which was made after 

about 9 minutes. This was the last image in this radiography series as the field of view was 

limited and the water had reached the maximum height visible in this field of view, which is 
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about 9 cm. The slope of the curve gives the penetration coefficient which in this case is 0.35 

cms-1/2. 

 

 

Figure 9-4: Left – line profiles showing the penetration of water in the stone after different 

intervals of time. Right: A graph showing the front position versus the square root of time. The slope of 

this curve is 0.35 cm/s1/2. 

 

In Figure 9-5, the mass thickness of water has been evaluated. The mass thickness of 

water refers to the amount of water vertically along the center of the stone expressed in gcm-2. 

This quantity of water has been evaluated from the transmission data of the neutron 

radiograph number 10. The right side shows the evaluation after correction for the distortions 

mentioned in section 9.1 with the QNI software. 
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Figure 9-5: Left: the mass thickness of water in the stone calculated without correction. Right: the 

mass thickness of water after applying corrections. 

 

9.5 NR series of the imbibition of H2O with cold neutrons at 
ANTARES 

A time series of neutron radiography measurements were made with a similar stone 

called IV23-STM at ANTARES. This was also a St. Margarethen porous limestone of 

cylindrical shape and same dimensions as IV17-STM. An L/D ratio of 400 was used and the 

exposure time for each image was 2s. 
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Figure 9-6: Left: the NR images after different intervals of time showing the imbibition of water. 

Right: Line profiles taken vertically along the height of the stone after different time intervals. 

 

Figure 9-7 shows a quantitative analysis of the dynamic radiography made with a 

higher time resolution. Hence we have larger number of data points and a larger field of view. 

The analysis of the mass thickness of water has been done for an image in the series which 

was taken after about 9 min, the same time that the last image for the measurement of IV17 

was taken. As in this measurement we had a bigger field of view so we can see that water has 

not yet penetrated to the upper part of the stone. 

 

 

Figure 9-7: Left: a graph showing the position of the water front relative to the square root of 

time. Right: the mass thickness of water in the stone after about 9 min. The slope of the curve on the right 

gives the penetration coefficient of water which in this case is 0.2 cm/s1/2. 

 

Comparing the NR series measurement of two similar stones carried out at ATI and 

ANTARES. While making such a comparison it should be kept in mind that the parameters of 

the two measurements were different. In the case of the ANTARES measurement, the field of 

view was larger and the time series could be made for a height of about 19 cm and therefore 

for a longer duration of time. For the ATI measurement, the first image was obtained about 60 

s after pouring water in the bath, while for the ANTARES measurement, the first image starts 

after about 220s. The time resolution at ANTARES is better than at ATI. At ATI, we got an 

average of one image per minute. At ANTARES, an average of 6 frames was obtained per 
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minute. Moreover the energy spectra of the two facilities were different. The spectra of the 

two facilities have been discussed in chapter 3. At ATI we have a thermal spectrum, while at 

ANTARES, there is a cold spectrum and a much higher flux. There was a higher sensitivity in 

the case of the ANTARES measurements. There is a difference of about 2 cm for the water 

front positions after similar time intervals. For the ANTARES measurement the water front is 

2 cm more. A possible explanation could be that for that measurement, the stone was placed 

in a larger bath of water. The height of water in the bath was about 2 cm; the diameter of the 

bath was also larger. For ATI, the height of water in the bath was 0.9 cm. So for the 

ANTARES measurement, a larger part of the stone was immersed in water. The penetration 

coefficient determined from the ATI measurement is 0.35 cm/s1/2 and that for the ANTARES 

measurement is 0.2 cm/s1/2. 

Such an analysis can be performed to find out the penetration coefficients of different 

strengtheners in different stones. The mass thickness of hydrogen or the mean density can be 

determined. This method can be used to analyze the NR measurements of textile fibers with 

relation to moisture transport with respect to temperature. 

 

9.6 X-ray investigation 

X-ray measurements were made to try to obtain some information about these studies 

with an alternative technique. X-ray tomography was made of different samples. A conical 

beam was used. RAYSCAN 250 XE (extended) was the name of the system that was used for 

these measurements. This is an industrial CT (computed tomography) system. 

Figure 9-8 shows the X-ray CT of a dry St. Margarethen calcareous arenite. The 

resolution of the measurement was 90 µm. The source object distance was 34.5 cm and the 

source detector distance was about 154 cm. The voltage was 215 kV and the current was 330 

µA. The number of projections was 720. The time for one CT was about 33 min. 
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Figure 9-8: An X-ray CT of a calcareous arenite stone. Below, a front view of a vertical cut and a 

view of the horizontal cut of the stone.  

 

Similar measurements were performed with a strengthened stone and a wet stone. But 

in that case the measurements were not successful. The strengthener in the stone could not be 

identified. With X-rays we expect beam hardening when there is water or hydrogen in the 

sample. We can only distinguish between two materials when the density difference is 5 to 10 
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%. In this case the difference is much less. Another dry stone, a weathered quartz arenite 

stone was measured; this stone has very fine homogeneous pores. We were not able to see 

these in the CT.  

An attempt was made to make a time series of water penetrating into a stone. We saw 

that the penetration of water inside the stone could not be observed with this method as there 

wasn’t enough contrast. There seemed to be no considerable difference between the first and 

the last image. The number of projections was 1350 which were made over a time of one 

hour. It was not possible to make dynamic studies of the imbibition of water in the stones. 

We may conclude by saying that for dry samples, it is possible to use X-rays for 

visualizing their structure. The resolution in this case can be better than neutron radiography. 

For the case of hydrogen based studies, it is not possible to use X-rays for visualizing water or 

a consolidant inside a stone. For that case the neutron method is suitable. Hence we see that 

X-ray and neutron imaging are complementary techniques. Each radiation has advantages and 

disadvantages. Thus they should be used accordingly. For the studies performed in this thesis, 

neutrons were the most suitable. 
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10  SOME MORE APPLICATIONS 

10.1 Measurement of porosity 

A cooperation was started recently with the structural processes group, in the 

department of Geodynamics and Sedimentology. They are working on the modeling of natural 

fault systems. The aim was to use the method of neutron tomography to study grain sizes and 

distributions. 

 

Figure 10-1: Neutron images of 35 mm thick feldspar reveal dark regions of boron (3.3%) in 

tourmaline, hydrogen in muscovite (mica), and spurious rare earth elements in garnet. The unprocessed 

images demonstrate the hierarchy of detector resolution, the best result with the NIP (right), which is also 

free of white spots as seen in the scintillator images (left and middle). 

The features that were of interest were “Deformation Bands”. They form at an early 

stage after the deposition of the Sediment when it is still rather soft, so that no distinct fault 

surfaces are generated, but instead are characterized by a broad irregular zone of increased 

compaction and pore space reduction [Shipton, 2003; Draganits, 2005]. The idea was to treat 
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samples with some resin (e.g. ester or epoxy), to make the pore space well visible in the 

neutron tomography. This would then give the 3D distribution of reduced pore space, thus the 

3D geometry of the deformation bands. Using this as input for 3D mechanical models, 

geologists can draw conclusions for the mechanical properties and stress conditions during 

formation of these structures. Good spatial resolution and high detection sensitivity for 

hydrogen and rare earth elements are the basis for these projects [Winkler, 2002; Solymar, 

2003] 

Some preliminary results have been presented. In Figure 10-1 parallel cut feldspar, 

with 35 mm thickness and two plane surfaces, was placed directly in front of the detector. 

Despite the large thickness, the NIP result is much better defined than the scintillator images. 

Also the gammas do not significantly affect the image quality, and a three centimeter lead 

block, chosen as additional gamma shield to the present 4 cm bismuth filter, yields no 

improvement Figure 10-2. This example also emphasizes the superiority of the neutron 

imaging plate in comparison with a conventional Gd-film detector using a 25 µm thick 

gadolinium foil as neutron converter and an x-ray film (Structurix D7). 
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Figure 10-2: A) Imaging of Feldspar directly in front of the imaging plate with 3 cm lead for 

additional gamma shielding. B) Same sample without lead shielding, in both cases the transmission 

through the feldspar is 47 % on average. C) Despite the longer exposure time (30 min Gd converter x-ray 

film / 10 min NIP) the image gradation is much smaller in the film detector. D) The poor gamma image 

emphasizes the strengths of neutrons for the investigation of geological samples. 

 

The tomography of the same feldspar with the new 100 µm scintillator plate yields a 

better resolution in comparison with the 400 µm detector but the measurement time has to be 

extended in order to accumulate comparable count numbers in the detector pixels  

Figure 10-3. Typically, 200 projections are used yielding total measurement times of 

approx. 4 hours with the 400 µm scintillator and 11 hours with the 100 µm scintillator. On 

demand, the number of projections and measurement time can be extended over several days 

to exhaust the full dynamic range of the CCD chip. IDL (ITT Visual Information Solutions) 

and Octopus software (University Ghent, Belgium) is implemented for tomographic 

reconstruction, and VGStudio (Volume Graphics GmbH) for 3D rendering.   
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Figure 10-3: Tomography of feldspar.  

 

The red regions show tourmaline, mica and garnet grains where hydrogen, boron and 

rare earth elements cause higher neutron attenuation. These grains have been colored red and 

then extracted from the stone. The higher resolution with the 100 µm scintillator enables a 

better distinction between different grains as highlighted in the right image. The 3D analysis 

yields 343 grains, a mean grain volume of 2.8 mm3, and a grain/stone volume (porosity) of 

1.3 % in this sample.  

Figure 10-4 shows neutron tomography of two St. Margarethen calcareous arenite samples. 

This measurement was made with the 400 µm Li-6 based scintillator with an exposure time of 

40 s for each image. In Figure 10-4 c) the stone has been made transparent and the red 

segments represent the porosity. These were dry samples without any treatment. The red color 

represents regions of higher attenuation, which may be the humidity in the pores. This result 

shows that the two samples have different porosity distribution. The dark red region between 

the stone stones is the tape that was used to stick the two stones together. 
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Figure 10-4: a) Two St. Margarethen calcareous arenite samples. b) For measurement, the 

samples were placed one on top of the other. c) A NT measurement of the stones. 

 

Such measurements will be analyzed for the statistics of the pores, which is the number of 

pores, pore size, location, etc. This statistical data will then be used as an input for 3D 

mechanical models by geologists to draw conclusion for the mechanical properties and stress 

conditions during formation of these structures. This information is thus important for 

structural studies. 

10.2 Boron alloyed steels 

Boron being a strong absorber of neutrons is used for making boron alloyed steels 

which are used as a nuclear shielding. These steels manufactured by Böhler Bleche GmbH, 

Mürzzuschlag in Austria, are used for shielding neutrons from radioactive waste. Examples 

are compact fuel racks for the intermediate storage of spent fuel elements. For such 

applications, these steels should have sufficient absorption in order to rule out criticality 

accidents. 

At the neutron imaging facility NR II at ATI, a well defined thermalized neutron beam 

is available. This is close to the neutron field under realistic conditions when spent fuel rods 

are stored. In spite of the modest beam intensity, the Maxwellian energy distribution yields 

sufficient neutron transmission even through strong absorbing materials. Transmission 
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measurements of steel plates up to 2.5 cm thickness have been performed [Zawisky, 2004; 

Zawisky, 2004; Bastuerk, 2005]. Left over pieces are machined to steel sheets with identical 

thickness. These steel sheets having the same composition and each having a thickness of 

0.137 cm can then be combined to stacks of different thicknesses as shown in figure 1. The 

minimum content boron is 1.88 weight percent and the fraction of the B-10 isotope amounts 

to 0.35 weight percent. The following expression was used to determine the transmission: 

ܶ ൌ ௦ܰ െ ௕ܰ

௢ܰ െ ௕ܰ
 (10.1) 

N represents the pixel counts and the subscripts s, b and o stand for the sample, open 

beam and background respectively. The transmission using equation (10.1) can be determined 

pixel wise for the scintillator measurements However for the neutron radiography 

measurements made with the imaging plate, due to the reduced position reproducibility, the 

background has been averaged. The background has a significant effect on low transmission 

experiments when Ns approaches Nb. The background depends mainly on the intrinsic in the 

CCD camera and gammas in the imaging plate [Haga, 1999; Zawisky, 2008]. 

 

 

Figure 10-5: Neutron radiography measurements of different thicknesses of the boron steel plates 

were made using the scintillator detector. The distance between the detector and the sample was also 

varied. 
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After the upgrading mentioned in chapter 4, the neutron imaging plate detector was 

used to investigate the steel homogeneity. For this purpose the BAS-5000 readout scanner 

was used with 25 µm nominal resolution. The boron steel plates were placed directly in front 

of the NIP with 40 µm vertical and 60 µm horizontal effective resolution. The intrinsic 

granular micro-structure complicates the analysis of absorber inhomogeneities [Zawisky, 

2008]. The plate has to be placed in exactly the same position for open beam correction, 

equation (10.1), to correct for this granularity. For a pixel scale of 25 µm, this is a challenging 

task. This was achieved by overlapping three or more dark pixel areas which appear in 

contrast enhanced sample and open beam images. Besides the intrinsic NIP artifacts, no 

significant boron inhomogeneities were found in the steel plate. The steel homogeneities and 

the NIP artifacts are expected on a similar scale, thus the NIP in the present setup is not 

optimal for such investigations. 

  

Figure 10-6: NIP images of the steel inspection. Left: the intrinsic granular structure of the NIP. 

Middle: Transmission image of the boron alloyed steel superposed by the granularity of the NIP. Right: 

after open beam correction, no significant inhomogeneities remained. 

 

The neutron imaging plate inspection of the boron steel is shown in Figure 10-6. This 

measurement has a 25 µm nominal resolution and 40 µm optical resolution. For this 

investigation,  

௠௔௫ܫ െ ௠௜௡ܫ

௠௔௫ܫ ൅ ௠௜௡ܫ
ൎ 10% (10.2) 
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The contrast of the images in Figure 10-6 has been enhanced for presentation only. 

After performing measurements with different detectors, it can be concluded that the 

scintillation detector is suitable for low transmission experiments as compared to the imaging 

plate detector. The scintillator is suitable due to superior reproducibility, easier open-beam 

and background correction and negligible gamma background. So far all transmission 

measurements have revealed enhanced neutron transmission. 
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11 CONCLUSION AND OUTLOOK 

The experimental setup at the neutron imaging facility NR II at The Atomic Institute 

(ATI) has been upgraded. The spatial resolution has now improved with the help of a new 

scintillation detector and an imaging plate detector. With the upgrading, high resolution 

imaging beyond the resolution of 340 µm with the old scintillator is now possible. We have a 

best resolution of 150 µm for the 100 µm thin scintillator. For the neutron imaging plate an 

effective resolution of 40 µm can be achieved. Imaging plates at our setup are being used for 

static measurements. 

It is now possible to perform longer neutron tomography measurements because of the 

fixed nitrogen filling installation. Previously the CCD camera could only be filled once for a 

tomography measurement and the cooling lasted for a maximum time of 3 to 4 hours. This 

was a limitation. In order to exploit the full dynamic range, an arrangement has been made for 

a fixed nitrogen filling of the CCD camera. With the help of this arrangement, liquid nitrogen 

can be filled during measurement. Thus it is now possible to increase the exposure time and 

the total number of projections to get tomography measurements with good resolution and 

higher sensitivity. Longer measurements can now be made for important experiments where 

higher sensitivity and resolution are required. Thinner scintillators can now be tested for 

selected applications because of the automatic filling station. Thinner scintillators may be 

useful for static measurements. Thus it is now possible to perform neutron imaging with a 

higher resolution and better sensitivity at a low power research reactor. It has been shown that 

high spatial resolution down to 50 µm regime is practicable with weak intensities of 105 

n/cm2s. 

The unique properties of the neutron interaction with matter and the improved 

instrumental setup have been utilized for promising applications in various fields. The new 

applications investigated were ideally suited to neutrons. Elements having small atomic 

numbers like hydrogen do not give sufficient contrast in X-ray radiography. On the other hand 

neutrons have a high sensitivity for hydrogen, a high cross-section. Different projects based 

on the hydrogen sensitivity of this method have been successfully carried out. Qualitative 

investigation has provided valuable results. Quantitative studies have also been performed to 

study the transport of moisture in building materials and textile fibers. Neutron imaging has 

been employed to study the penetration and distribution of consolidants in stones for the 
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purpose of conservation and restoration. The distribution of moisture in different textiles 

fibers has been studied using neutron radiography. Neutron radiography and tomography 

methods have been used successfully to get 2D and 3D information about these samples. 

These techniques have the advantage of being non-destructive. 

The techniques of neutron imaging have been applied in the nuclear industry. The 

non-destructive studies of radioactive isotopic neutron sources and transmission studies of 

boron alloyed steel used for shielding nuclear waste have been done. X-rays do not possess 

high penetration ability into materials having high atomic number. Consequently neutron 

radiography and neutron tomography are an important tool for studies of radioactive 

materials. The complementary properties of neutrons and X-rays can be exploited for non-

destructive evaluation of materials. The samples studied were ideally suited to neutrons. The 

work with the neutron sources can be further extended by using the transfer technique 

employing the imaging plate. 

Neutrons are able to distinguish between different isotopes; hydrogen and deuterium 

are a good example. Further experiments can be performed using H2O and D2O. Light water 

and heavy water give a very good contrast for neutron radiography. This can be useful for 

investigating moisture transport in moist samples. Important applications could be the 

investigation of diffusion of humidity in textile fibers, building materials and fuel cells. 

Systematic studies on hydrogen quantification are needed in order to validate the new 

correction software at this instrumental setup. Analysis of the distortions in the quantitative 

information at the experimental setup at NR II can be studied in detail. Quantitative study of 

moisture transport is an interesting topic with various important applications. 

Further measurements may be performed to study the structural changes in geological 

samples based on their porosity. Deformation bands in rocks can be visualized and the 

statistical data of the pores can be obtained three dimensionally. This data can then be entered 

into mechanical models by geologists to draw conclusions for the mechanical properties and 

stress conditions during formation of these structures. Good spatial resolution and high 

detection sensitivity for hydrogen and rare earth elements are the basis for these projects 
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12 APPENDIX I 

12.1 NR investigations of weak, fair and strong absorbers 

In order to study the behavior of weak, fair and strong absorbers, NR measurements 

were made using plates of uniform thickness from aluminum, copper, steel and boron alloyed 

steel. These materials were chosen due to their varying cross-sections for neutrons. Aluminum 

is almost transparent for neutrons, copper and steel are fair absorbers, whereas boron alloyed 

steel as discussed in chapter 11 is a strong absorber [Zawisky, 2004; Bastuerk, 2005]. 

Radiograph measurements were made using the Li-6 based 400 µm scintillator coupled to a 

CCD camera. NR measurements were made for different thicknesses by changing the number 

of plates. The description of the measurements performed has been given in the Table 12-1: 

 

Table 12-1: Sample description of the different materials studied by NR 

Material No. of plates 
Thickness of each 

plate (cm) 
Exposure time (s) 

Aluminum 20 0.3 35 

Copper 10 0.3 35 

Steel 20 0.14 35 

Boron alloyed steel 15 0.137 60 

 

After performing the measurements, Image Pro software was used to process the 

images. The following expression was used to determine the transmission: 

ܶ ൌ ௦ܰ െ ௕ܰ

௢ܰ െ ௕ܰ
 (12.1) 

N represents the pixel counts and the subscripts s; b and o stand for the sample, open 

beam and background respectively. The transmission using equation (12.1) can be determined 

pixel wise for the scintillator measurements. The transmission was evaluated relative to 

thickness. Using the transmission values, the attenuation coefficient Σ was determined. Figure 
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12-1 shows the effective macroscopic cross-section of the different materials plotted versus 

the thickness.  

 

Figure 12-1: A graph showing the effective attenuation coefficient or macroscopic cross-section of 

the different materials relative to thickness. 

 

Comparing the experimental values in Figure 12-1 with the tabulated values given in Table 

12-2, it is seen that the deviation of aluminum is negligible, while the fair absorbers, steel and 

copper show a slight deviation but boron alloyed steel shows a significant deviation. The 

enhanced transmission of boron alloyed steel has been discussed in chapter 11. One of the 

important reasons for this deviation is the beam hardening effect [Zawisky, 2004]. The boron 

inhomogeneity in the steel is being investigated. 

 

Table 12-2: Tabulated values of the attenuation coefficients for the materials  

Material Σ (cm-1) 

Aluminum 0.1 

Copper 0.98 

Steel 1.16 

Boron alloyed steel 7.3 
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12.2 Labview program for the shutter 

The shutter of the NR II beam line was operated with the help of a switch. In order to 

make its operation comfortable, a code was developed in the Labview environment to control 

the shutter from the instrument computer.  

 

Figure 12-2: the window used to control the shutter from the instrument computer 

 

The shutter of the NR II facility is controlled by a Labview program. The electronics 

of the shutter have a parallel port and so the program is based on a parallel port routine. The 

Figure 12-3 shows the code which is executed through a runtime engine.  
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Figure 12-3: The code for opening and closing the shutter. 

 

12.3 Gold chain 

There was a discussion in the institute about a gold chain that seemed too light and its 

authenticity was being questioned. It was suggested that neutron radiography could help. With 

the help of neutron radiography which was made with the imaging plate detector, it was 

clearly visible that the design of the chain was such that it was hollow from within. Thus the 

weight was less than expected. 
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Figure 12-4: Neutron radiography of a gold chain showing the hollow design. The thickness here 

refers to the distance the neutrons have to travel through.  

 

The dimensions shown in Figure 12-4 were measured with a digital micrometer screw 

gauge having an accuracy of 10mm.  
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13  APPENDIX II – NT OF RESTORED ORIGINAL SAMPLES 

Conservation and restoration of important historical buildings and monuments is very 

challenging. Among the different techniques that are applied, the use of chemical consolidant 

agents is also employed. In order to ensure a successful restoration, continuous monitoring 

and assessment has to be performed. Different techniques are used for the assessment such as 

ultra sonic measurements, drilling force method, etc [Price, 1996; Rodrigues, 2001; Fleischer, 

2005]. Neutron imaging is a non-destructive technique that is very useful in this regard. 

Neutron radiography gives 2D information about the depth of penetration. Neutron 

tomography gives a complete 3D mapping of the consolidant inside the sample [Hameed, 

2006; Hameed, 2008]. Original samples were obtained from historical buildings and 

monuments. These samples had been restored. The history of the samples had been carefully 

documented. A red mark on each of these samples as shown in the photographs represents the 

outer surface. An assessment of the restoration was carried out using the method of neutron 

tomography. Results of these measurements have been presented in the sections below. 

13.1 Sample 1 

 

 

Figure 13-1: a) Sample photograph. The outer surface if represented by a red dot. b) NT of the 

sample where the red segments represent the consolidant. A vertical cut of the stone has been shown. 

 

The information given with the sample is as follows: 

Internal no.:  W9578 

Source:  From the sculpture of a female goddess, Baroque sculpture 
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Treatment: With 100 OH (ethyl silicate) (which is the same as Wacker 

OH100)  

Method: Bath method. Which means the whole statue was dipped in a 

bath containing the strengthener. 

Expected:  Complete penetration is expected 

Time of treatment: 13-04-07 (fresh consolidation) 

Age of sample: 18th century 

Type of stone: Calcareous arenite from Stotzing. Maybe the stones were 

exchanged with the original ones which were similar to sample 

3, i.e. calcareous arenite from Zogelsdorf. 

Weight:  72.476g 

 

Neutron Tomography measurement was performed about three and a half months after 

consolidation. The Li-6 based scintillator having a thickness of 100 µm was used and the 

exposure time was 120 s per projection. After reconstruction, Figure 13-1b) shows the highly 

attenuating regions in red color. In this case the high attenuation is due to the hydrogen 

content of the strengthener. From the figure it can be deduced that the consolidant has 

penetrated the stone as expected. 

 

13.2 Sample 2 

 

 

Figure 13-2: a) Photograph of the sample. b) NT of the sample. The stone has been made 

transparent to reveal the highly attenuating regions. 
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Source:    Baroque sculpture of  Hercules from Burgenland 

Treatment:   OH100 (this is the same as 100 OH, i.e. ethyl silicate) in a bath. 

   (Remember that Remmers 100 is different) 

Method:   Bath method 

Expected:   Complete penetration expected 

Time of treatment: December 2006 

Age of sample: 1758 

Type of stone:   calcareous arenite from (Au/Leithagebirge) 

Weight :  46.820g 

 

The big red region on the surface of the stone in Figure 13-2 is gypsum. Gypsum 

contains hydrogen and so it is very prominent in the tomographic reconstruction. Gypsum 

hindered the imbibition of the consolidant. The surface of the stone was probably too dense 

for the strengthener to penetrate. This is usually a problem in conservation. A thin section 

analysis of this sample is recommended. 

 

13.3 Sample 3 

 

 

Figure 13-3: a) Photograph of the sample. b) NT showing the consolidant in red color. 
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Source:    Similar to sample 1 

Treatment: Wacker OH (different from OH100, (Wacker OH is silica esther 

without silicon resin - hydrophobic) 

Method:   floating, that is the strengthener was poured on it.  

Expected:   2 -3 mm penetration expected   

Time of treatment: 1996 

Type of stone:   Calcareous arenite from Zogelsdorf 

Weight :   10.960g 

 

A neutron tomographic reconstruction has been shown in Figure 13-3 b. The red 

segments represent the stone consolidant. The NT result agrees with the expected penetration 

of the strengthener. It may be concluded that the restoration was successful and the desired 

depth of penetration was achieved. 

 

13.4 Sample 4 

 

 

Figure 13-4: a) Photograph of the sample. b) A vertical cut of the reconstructed sample revealing 

the consolidant in red color. c) The stone has been made transparent to show the strengthener. 
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Source:  Quartz sandstone also called St. Margarethen, this stone was used in the 

west of Austria for a Gothic window. 

Treatment:   Tried by ethyl silicate – Wacker OH in 1992 

Method:    floated twice 

Expected:   5 – 10 mm 

Time of treatment: 1992 

Age of sample: 14th - 15th century 

Type of stone: Quartz sandstone from Vorarlberg (Molassezone) also called St. 

Margarethen. 

Weight :   572.824g 

 

This was a large sample hence it has been cut into three pieces shown in the 

photograph Figure 13-4. The consolidant has been represented by red color in the 

tomographic reconstruction. Red segments are clearly visible on the surface which agrees 

with the prediction that the penetration of the strengthener is a few millimetres deep on the 

outer surface. 

 

13.5 Sample 5 

 

Source:    Monastry in Salzburg, from the facade 

Treatment: Ethyl silicate (another concentration – silical esther), Remmers 300, gel 

is different 

Method:   Floated twice 

Expected:   1cm to 2cm of penetration 

Time of treatment: Smells fresh - 2007 

Age of sample: 18th century 
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Type of stone:   Quartz sandstone 

Weight:   277.130g 

 

 

Figure 13-5: a) Photograph of the sample. b) The highly attenuating region shown in red color has 

been extracted from the reconstructed 3D rendering. 

 

This was a large sample, thus it was cut into three parts to get an appropriate size for 

measurement according to our beam size. This sample is interesting because of its shape. It 

has two holes in it. After the tomographic 3D rendering, with VG Studio software, the high 

attenuating regions represented by red color were extracted. The resulting image is shown in 

Figure 13-5. The consolidants have reached the expected depth but are not uniformly 

distributed. 
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List of abbreviations 

 

ANTARES Advanced Neutron Tomography and Radiography Experimental Setup 

ATI  Atomic Institute 

BSE  back scattered detector 

BSS  Bonner sphere spectroscopy 

CCD  charge coupled device 

CLY  lyocell 

CT  computed tomography 

Dpi  dots per inch 

ESF  edge spread function  

Etc  et cetera 

FB  filtered backprojection 

FRM  Forschungs Reaktor Muenchen 

FWHM full width half maximum 

IDL  interactive data language 

ISNR  International society for neutron radiography 

LSF  line spread function 

MCNP  Monte Carlo Neutron Particle Transport 

Min  minute(s) 

NAA  neutron activation analysis 

NIP  neutron imaging plate 

No.  number 

NR  Neutron radiography 

NT  Neutron tomography  
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PES  polyester 

PSI  Paul Scherer Institute 

PSL  Photo stimulated luminescence 

2D  2 dimensional 

3D  3 dimensional 

ND&M Neutron detector and monitor 

ILL  Institute Lau Langevin 

QE  quantum efficiency 

QNI  quantitative neutron imaging 

SE  secondary electron detector 

SEM  scanning electron microscopy 

TRIGA Training, Research, Isotopes General Atomics 

TU  Technical University 

TUWIEN Vienna University of Technology 

USA  United States of America 

USANS ultra small angle neutron scattering 
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