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Summary

Non-destructive testing (NDT) methods play an important role within all wood-related areas
and can be classified into numerous categories. One such category, which largely benefited
from the technical progress in recent years, unites methods based on the transmission
measurement of radiation. Radiation, electromagnetic waves (e.g. X-ray) as well as particle
radiation (e.g. neutrons) can in principle penetrate matter. To some extent, the radiation
interacts with the material (by absorption or scattering) while other parts are transmitted. The
degree of interaction and transmission depends on the type of radiation, its energy and the
elemental composition and density of the irradiated material. Thus the transmitted radiation
yields information on the inner structure and composition of this material.
While X-ray is established as NDT method in the area of wood research, other radiation types
such as neutron radiation have scarcely been used so far. Although the transmission-based
measurements of both radiation types follow similar working principles, the outcome can
diverge considerably due to the different interaction behaviour of the X-ray photons and the
neutrons with the atoms within the tested material. Interactions between neutrons and wood
have not been described so far although they have to be taken into account in order to
determine the basic conditions for successful experiments.
Within the scope of this thesis, the applicability of neutron imaging as NDT tool for wood
research should be evaluated and the basic conditions to investigate wood using cold and
thermal neutrons should be assessed. Based on the understanding of the fundamental working
processes, potential fields of application should be determined and tested. At the same time,
neutron imaging should be compared with other transmission-based methods such as X-ray
and, in particular, synchrotron radiography and tomography. The latter has also been scarcely
used in wood research, due to the lack of available facilities.
The experimental studies were carried out for the most part at the large-scale facilities of the
Paul-Scherrer-Institute, Villigen (CH):
•

Neutron imaging at the imaging beamlines NEUTRA (thermal neutron spectrum) and
ICON (cold neutron spectrum) both fed by the neutron spallation source SINQ

•

Synchrotron radiation microtomography at the TOMCAT beamline, fed by the Swiss
light source (SLS)

1. Summary
•

2

X-ray imaging at the NEUTRA beamline, which has a supplementary X-ray tube.

The principal part of the experimental findings is reflected in five articles:
Paper I: The basic working principles of neutron imaging were described including possible
interactions between neutrons (thermal and cold) and the wood atoms as well as the necessary
image / data processing. The degree to which a material attenuates the incoming radiation is
described by the attenuation coefficient, which was experimentally determined for cold and
thermal neutrons and different wood species with varying densities and extractives contents.
The determined values were compared with values calculated using a theoretical model taking
into account only carbon, oxygen and hydrogen as elemental wood components. The
experimental results are in excellent agreement with the calculated ones. The attenuation
coefficient linearly correlates with the density; the extractives contents only play a role as far
as they influence the density. As neutrons are prone to scattering, this phenomenon has to be
corrected for quantitative evaluation.
Paper II: The applicability of neutron imaging for tree-ring analyses was evaluated and
compared with conventional X-ray measurements. The resulting density profiles in the radial
wood direction (from pith to bark) obtained by both techniques are equivalent.
Paper III: Moisture transport processes in the longitudinal direction were examined by
neutron imaging. Samples of Norway spruce (Picea abies [L.] Karst.) and European beech
(Fagus sylvatica L.) were exposed to a differential climate, and the amount and distribution of
the absorbed water was determined. The experimental results were further processed to
calculate diffusion coefficients.
Paper IV: The working area of neutron tomography was compared to standard X-ray
tomography and synchrotron radiation microtomography. Neutron tomography showed good
contrasts between wood and wood adhesives for small to medium sized samples. X-ray
tomography allows the examination of big samples, while synchrotron tomography can be
used for microscopic investigations.
Paper V: Synchrotron microtomography was tested as non-destructive 3D-microscope and
was very suitable for microscopic investigation on small samples. Structures in the
micrometer range were easily resolvable. Furthermore, analysing wood / adhesives interaction
yielded very promising results while experiments focussing on the penetration behaviour of
wood preservatives were less successful.
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In summary, neutron imaging proved to be a suitable NDT method for wood research. Due to
its high sensitivity, the sample size is limited to small and medium sized specimens of few
centimetres. Although a spatial resolution in the order of 30 to 50 !m can be reached it is not
possible to resolve the cellular structure of wood (with exception of large spring vessels in
ring-porous species). Within its working range, the method is equivalent to standard X-ray
techniques. The strength of neutron imaging is its high sensitivity towards hydrogen, which
allows the quantitative assessment of dynamic processes between wood and another
hydrogenous material such as water.
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Zusammenfassung
In allen Bereichen, die sich in irgendeiner Form mit Holz befassen, spielen Methoden zur
zerstörungsfreien Prüfung eine bedeutende Rolle. Diese können in zahlreiche Kategorien
unterteilt werden. Eine solche Kategorie, die in besonderem Masse vom technischen
Fortschritt der letzten Jahre profitieren konnte, umfasst Methoden die auf TransmissionsMessungen

von

Strahlung

basieren.

Grundsätzlich

kann

Strahlung,

sowohl

elektromagnetische Wellen (z.B. Röntgenstrahlung) als auch Teilchenstrahlung (z.B.
Neutronenstrahlung), Materie durchdringen. Hierbei interagiert ein gewisser Teil der
Strahlung mittels Absorption oder Streuung mit der Materie, während ein anderer Teil diese
unbeeinflusst passiert (Transmission). Zu welchem Anteil Strahlung mit der Materie
interagiert bzw. diese passiert, ist abhängig von der Art der Strahlung, ihrer Energie sowie der
elementaren Zusammensetzung und Dichte des bestrahlten Materials. Demzufolge enthält der
transmittierte Teil der Strahlung Informationen über die Struktur und Zusammensetzung
dieses Materials.
Während Untersuchungen mittels Röntgenstrahlen bereits häufig zur zerstörungsfreien
Prüfung von Holz durchgeführt werden, ist der Einsatz anderer Strahlung, wie
Neutronenstrahlung,

relativ

selten.

Obwohl

die

Transmissions-Messung

beider

Strahlungsarten den gleichen Prinzipen folgt, können die Ergebnisse stark voneinander
abweichen. Diese Unterschiede rühren von den unterschiedlichen Wechselwirkungen
zwischen Röntgen-Photonen bzw. Neutronen einerseits und den Atomen innerhalb des
untersuchten Materials andererseits. Bislang wurden diese Wechselwirkungen zwischen
Neutronen und Holz nicht beschrieben, obwohl diese in betracht gezogen werden müssen um
die Rahmenbedingungen für erfolgreiche Experimente festlegen zu können.
Im Rahmen dieser Doktorarbeit sollte daher die Eignung der Neutronenradiographie als
zerstörungsfreie Prüfmethode für den Bereich der Holzforschung evaluiert werden und
Rahmenbedingungen für Untersuchungen an Holz mittels kalter und thermischer Neutronen
definiert werden. Zudem sollte die Methode mit ähnlichen transmissions-basierten Methoden
wie Röntgen- und Synchrotron-Radiographie und -Tomographie verglichen werden. Hierbei
sollte der Schwerpunkt auf Untersuchungen mittels Synchrotron-Licht gelegt werden, da
diese aufgrund der geringen Zahl verfügbarer Anlagen nur relativ selten im Bereich der
Holzforschung eingesetzt wird.
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Die experimentellen Untersuchungen wurden zum grössten Teil an den Grossanlagen des
Paul-Scherrer-Instituts (PSI), Villigen (CH), durchgeführt:
•

Neutronenradiographie an den Radiographie-Strahllinen NEUTRA (thermisches
Neutronenspektrum) und ICON (kaltes Neutronenspektrum), die beide von der
Spallationsneutronenquelle SINQ gespeist werden.

•

Synchrotronmikrotomographie an der Strahllinie TOMCAT, gespeist von der
Synchrotron Lichtquelle Schweiz (SLS)

•

Röntgenradiographie an der NEUTRA Strahllinie, die zusätzlich über eine
Röntgenröhre verfügt.

Die wichtigsten experimentellen Ergebnisse werden anhand von fünf Artikeln vorgestellt:
Artikel I: Die grundlegenden Funktionsprinzipien der Neutronenradiographie werden
beschrieben. Hierbei werden mögliche Wechselwirkungen zwischen kalten bzw. thermischen
Neutronen und den Atomen im Holz ebenso behandelt wie die notwendige Daten- und
Bildverarbeitung. Ein Mass um die Abschwächung von Strahlung durch ein Material zu
beschreiben, ist der sogenannte Schwächungskoeffizient. Dieser wurde in der vorliegenden
Veröffentlichung experimentell für kalte sowie thermische Neutronen an Proben
verschiedener Holzarten mit unterschiedlichen Dichten und Extraktstoffgehalten ermittelt.
Diese Ergebnisse wurden mit rechnerisch ermittelten Werten verglichen. Diese beruhten auf
einem theoretischen Modell, bei dem nur Kohlenstoff, Sauerstoff und Wasserstoff als
elementare Bestandteile von Holz berücksichtigt wurden. Die experimentellen und
errechneten Werte stimmen in hohem Masse überein. Der Schwächungskoeffizient zeigt eine
lineare Korrelation mit der Dichte; der Extraktstoffgehalt scheint nur insoweit eine Rolle zu
spielen, wie er die Dichte beeinflusst. Es zeigte sich, dass es für quantitative Untersuchungen
notwendig ist, die Streuung der Neutronen innerhalb der Probe und in der Messkammer zu
korrigieren.
Artikel II: Die Anwendbarkeit der Neutronenradiographie für Jahrringuntersuchungen wurde
evaluiert und mit konventionellen Röntgenuntersuchungen verglichen. Die mit beiden
Verfahren ermittelten Ergebnisse, Dichteprofile in radialer Richtung (vom Mark zur Borke),
erwiesen sich als gleichwertig.
Artikel

III:

Feuchtetransportprozesse

in

longitudinaler

Richtung

wurden

mittels

Neutronenradiographie untersucht. Hierfür wurden Probenkörper von Fichte (Picea abies [L.]
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Karst.) und Buche (Fagus sylvatica L.) einem Differenzklima ausgesetzt und die Menge und
Verteilung des absorbierten Wassers ermittelt. Die experimentellen Ergebnisse wurden
anschliessend zur Berechnung von Diffusionskoeffizienten verwendet.
Artikel IV: Die Arbeitsbereiche von Neutronen- und Röntgentomographie sowie
Synchrotronmikrotomographie wurden miteinander verglichen. Die Neutronentomographie
zeichnete sich durch hohe Kontraste zwischen Holz und Holzklebstoffen bei kleinen und
mittelgrossen Proben aus. Die Röntgentomographie erlaubt Untersuchungen an grossen
Probenkörpern,

während

sich

die

Synchrotronmikrotomographie

hervorragend

für

mikroskopische Untersuchungen eignet.
Artikel V: Die Eignung der Synchrotronmikrotomographie als zerstörungsfreies 3DMikroskop wurde untersucht. Die Methode erwies sich als hervorragend geeignet zur
mikroskopischen Untersuchung kleiner Probenkörper. Strukturen im Mikrometerbereich
konnten ohne weiteres aufgelöst werden. Darüber hinaus lieferte die Untersuchung von HolzKlebstoff-Wechselwirkungen

vielversprechende

Ergebnisse.

Untersuchungen

zum

Eindringverhalten von Holzschutzmitteln erwiesen sich als weniger erfolgreich.
Zusammenfassend lässt sich festhalten, dass die Neutronenradiographie eine geeignete
zerstörungsfreie Prüfmethode zur Untersuchung von Holz darstellt. Aufgrund der hohen
Sensitivität der Methode ist die Grösse von Probenkörpern auf kleine bis mittelgrosse Proben
von wenigen Zentimetern beschränkt. Obwohl eine Ortsauflösung von 30 bis 50 !m erreicht
werden kann, ist es noch nicht möglich Zellstrukturen zu erkennen (mit Ausnahme der
grossen Frühholzgefässe in ringporigem Holz). In ihrem Arbeitsbereich ist die Methode
konventionellen Röntgenmethoden ebenbürtig. Die Stärke der Neutronenradiographie liegt
aber eindeutig in ihrer hohen Sensitivität gegenüber Wasserstoff, welche die quantitative
Ermittlung dynamischer Prozesse zwischen Holz und anderen wasserstoffhaltigen
Materialien, insbesondere Wasser, erlaubt.

2. General introduction
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General introduction

Wood is a natural, organic and renewable material with unique properties. It combines low
weight with high strength and stiffness, good insulation, and it can easily be machined.
Therefore, it is and has been used in numerous and diverse areas of application such as
building and construction, manufacturing of tools and weapons, furniture, decoration and art.
Wood can also be used as heating fuel and serves as a raw material for different industrial
sectors (paper, chemical, etc.). This versatility and the aspect of renewability have led to a
veritable renaissance of wood, both as material and fuel over the last couple of years,
perpetuating utilisation (Winter 1994). The augmented consume could lead to the shortage of
timber for some areas and applications, resulting in the need for a better evaluation of the
wood properties, so the available timber can be used in the most efficient way depending on
its properties and the area of utilisation.
The properties of wood result from an evolutionary process in which the wood structure was
improved to better fulfil its functions within a tree. As a result, wood, like other biologic
materials, features complex hierarchical structuring on all levels: from the nanoscopic
(alignment of macromolecules (cellulose)) over microscopic (cells and tissues) to the
macroscopic level (tree rings) (Figure 2.1) (Fratzl 2007). The woody part of a tree, the xylem,
serves mainly as mechanical support and water supply for the photosynthetic active crown.
Moreover, it is a reservoir for photosynthetic products. These functions are reflected in the
cellular structure, which - in a simplified approach – can be regarded as a compound of
elongated tubes oriented along the stem axis. The xylem is exclusively produced by the
cambium, a single cell layer between xylem and phloem (bark). The cambium surrounds the
woody axis of the tree and forms xylem on the inner and phloem on the outer side. As a
result, the wood cells are circularly arranged, which manifests in the annual growth rings. As
a consequence of the cell alignment (axial, circular), the wood properties vary considerably
with regard to the direction (anisotropy). A living tree has to adapt to its environment (habitat,
climatic conditions, stand, etc.) along its genetic disposition. As a consequence, the raw
material wood is characterised by a wide natural variability and every piece of wood is
unique.

2. General introduction

8

Figure 2.2 Hierarchical organization of softwoods (illustration (modified) by the
Wood Technology Research Centre (University of Canterbury, New Zealand); in:
Keunecke (2008)).
The material properties of wood depend on its individual structure and can thus not be
established with general validity, as it would be possible for homogenous materials.
Consequently, wood has to be characterised individually before it can be processed and used.
At the same time, the functionality of the wood must, nevertheless, not be reduced or even
destroyed by such an evaluation thus necessitating non-destructive evaluation methods. Nondestructive testing also becomes a necessity whenever the condition of built-in components of
wooden structures has to be assessed on-site or when dynamic processes within a wooden
object, such as water transport, have to be studied.
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Non-destructive testing of wood
Non-destructive testing (NDT) methods by definition generally do not affect the integrity of
the examined object or material (Bucur 2003a). Although they involve neither damage nor
destruction, some low-invasive methods (e.g. drilling, coring) are also considered as nondestructive. Such techniques have always played an important role in all wood-related areas
(research, wood-processing industry, forestry, etc.). NDT methods form a very diverse class
of research methods, which can be categorised along different principles (Galligan 1964).
Numerous authors give an overview of the variety, development and technical progress of
non-destructive testing methods used in the evaluation of wood (e.g. Ross and Pellerin 1991;
Becker 1993; Becker and Beall 1993; Beall 1996; Ross et al. 1998; Tiitta 2006). Some
publications concentrate on specific application areas such as defect detection (Szymani and
McDonald 1981), or on specific methods such as imaging (Bucur 2003b). Most of these
studies strongly focus on the application aspect and the end-use capability (Pellerin and Ross
2002). Besides the application aspect, which is closely connected to the field of woodprocessing, non-destructive evaluation also plays an important role in forestry (Habermehl
and Ridder 1993) and in particular in fundamental research, where it allows for microscopic
studies (Steppe et al. 2004) as well as for the analysis of dynamic processes (Niemz et al.
2002). Furthermore, it enables investigations into rare or irreplaceable wooden objects (e.g.
art, archaeological or paleontological objects, etc.) yielding information on their composition
and potential modifications (Lehmann et al. 2005a; Krug et al. 2008) and it is used in tree ring
analyses necessary for the dating of objects or in climatology (Anonymous 2006a; Okochi et
al. 2007).
The considerable variety of NDT methods is commonly categorised along the working
principle of the applied testing method, regrouping techniques along the similarity of the
method (Galligan 1964). Figure 2.2 illustrates such a possible classification. The methods
treated within the scope of this thesis are based on the transmission measurement of radiation
(electromagnetic as well as nuclear radiation). The common point of these methods is the
assessment of radiation attenuation. The treated radiation comprises of electromagnetic
radiation (e.g. X-ray) as well as nuclear radiation (e.g. neutron radiation). The attenuation by
a wooden object is determined by measuring the transmission (i.e. the ratio of transmitted and
incident beam). The result is generally an image containing information on the inner structure,
constitution and composition of the studied object.
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Figure 2.2 Classification of NDT methods for wood along the testing method; the
emphasis of this thesis lies on methods based on the transmission measurement of
radiation (adapted from Galligan 1964 and Ross et al. 1998).

Application of radiation in the area of wood research – an overview
While many NDT methods have been in use for decades and their working principles and
physical backgrounds are well known, a couple of new methods have been developed and
introduced into the field of wood research in the recent past. One area where technological
progress has led to massive changes is based on radiation measurements. Electromagnetic
radiation methods are well established and have been successfully used for decades. X-ray
was first introduced by Maloy and Wilsey (1930) for investigations on standing trees and by
Zucker (1940) as a potential technique for the inspection of wood poles. In the late 1950s and
early 1960s, also !- and "-rays were tested as research tools (Cameron et al. 1959; Loos 1961;
Parrish 1961; Keylwerth and Kleuters 1962; Sandermann et al. 1963). In most of the early
studies using radiation, the evaluation remained on a qualitative level. X-ray, as the most
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common electromagnetic radiation, was gradually established for quantitative evaluations of
wood properties such as density (Polge 1964; 1965; 1966; 1978) and moisture content (Loos
1965). After the development of computed tomography (CT) for medical diagnostics by
Cormack (1963) and Hounsfield (1973; 1980), this method was introduced into the area of
wood research for investigations on wood (Hattori and Kanagawa 1985; Lindgren 1991a, b)
and even living trees (Onoe et al. 1984; Dobos et al. 1991; Habermehl and Ridder 1992). Due
to massive technological progress, particularly concerning the detection technology and the
computing capacity/speed, X-ray radiography and tomography have experienced considerable
development. New X-ray sources and CT scanners with microspot or even nanospot focus
allow investigations on a microscopic level (Sasov 2004; Okochi et al. 2007; Steppe and
Lemeur 2007; Van den Bulcke et al. 2008). Using synchrotron light, which consists basically
of sharply focussed and often mono-chromatised X-rays, it is possible to take a step further
towards even smaller structures (Bonse and Busch 1996; Stampanoni et al. 2002). As micro
CT with synchrotron radiation is a relatively new method, it has been, so far, scarcely used for
investigations into wood (Groso et al. 2006; Trtik et al. 2007) or wood based materials
(Walther et al 2006; Thömen 2008).
Another type of radiation suitable for research applications is neutron radiation. Although its
potential as a non-destructive method for investigations on wood was recognised decades ago,
very few studies can be found in literature where it is applied (Galligan 1964; Bemmann
1974a,b; Szymani and McDonald 1981; Tzscherlich 1989). This small number results from
the availability of neutron sources (in the beginning most often radioactive neutron sources or
as a by-product of nuclear reactors (fission neutron source)) and of appropriate detectors.
With the development of new reliable detector systems and the construction of research
facilities disposing of neutron sources with neutron radiation in suitable energy ranges and
with sufficient flux, neutron imaging and tomography were optimised and employed more
frequently (Kardjilov 2003; Dierick 2005). Mostly thermal (Lehmann et al. 2001a) but also
fast neutrons (Osterloh 2008) and cold neutrons (Matsushima et al. 2005) were used for
transmission-based imaging and tomography experiments on wood. The method was used in
particular for determining the distribution of moisture (Nakanishi et al. 2002; Nakanishi et al.
2005; Niemz et al. 2002; Mannes et al. 2006a). Furthermore, it was also used for the
assessment of the distribution of other hydrogenous materials such as adhesive (Niemz et al.
2004) or wood conservatives (Lehmann et al. 2005b), but also for investigation on wooden or
partly wooden objects from cultural heritage (Deschler-Erb et al. 2004; Rant et al. 2006).
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Motivation
Transmission-based imaging using radiation could benefit to a great extent from the technical
progress made in computing and data processing, allowing for the development and
optimisation of methods (e.g. CT), measuring equipment (e.g. micro-focus X-ray tubes,
digital detectors, etc.) and research facilities (e.g. sources for synchrotron and neutron
radiation with specialised imaging beam-lines). So far, these newly available methods were
implemented to varying degrees in the field of wood research. While many studies were based
on electromagnetic radiation, including fundamental research on the working principles and
on the radiation/wood interaction (Liu et al 1988; Bradley et al. 1991; Hoag and Krahmer
1991), investigations with neutron radiation can scarcely be found. Although the existing
studies yield promising results, they remain on a very general level. Fundamental research on
the interaction of neutron radiation and wood, which would be necessary to assess and exploit
the method’s full potential, has not been carried out so far. The high sensitivity for hydrogen
makes neutron radiation particularly suitable for investigations on wood as most of its
properties are directly or indirectly related to the moisture content. Neutron imaging could
provide a tool to study interactions between wood and water or other hydrogenous materials,
such as wood adhesives, coatings, etc. The continuous development and optimisation of
digital detector systems should allow for analysis and quantification of static as well as
dynamic processes. Fundamental research on this topic is indispensable for the proper design,
implementation and evaluation of such experiments.

Main research objectives
The overall objective was to establish neutron imaging as a research tool for investigations on
wood. The method’s potential and limitation should be demonstrated and possible
applications should be identified and compared to other methods working along a similar
principle. Thereby the following questions should be addressed: “How do neutrons interact
with wood?”, “For what kind of investigation on wood can I use neutron imaging?”, “Are
there similar (perhaps better suited) methods available?” and “What do I have to consider if I
want to undertake wood research with neutron imaging?”
To answer these questions, four working topics were defined:
a) Fundamental working principles – the interaction between neutrons with varying
energy spectra and wood, as well as the fundamental working principles of neutron
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imaging and neutron tomography. Understanding of these principles is crucial for
identifying the method’s full potential and limitations.
b) Possible applications – possible practical applications derived from the working
principles. Thus the suitability of the methods for different research topics (e.g.
structural analysis, moisture transport, etc.) should be evaluated.
c) Comparison with similar methods – comparison of neutron imaging with other
transmission-based methods (conventional X-ray and in particular synchrotron light)
to evaluate its applicability concerning specific problems.
d) Recommendations – as a final outcome, formulation of recommendations for specific
applications: Determining which method should be used for a specific problem, and
what has to be considered when an experiment is planned.
The described topics are founded on each other (Figure 2.3). As research on the fundamental
working principles serves as a base and fixed point for the other topics, this part should define
the possibilities and limitations of the method on a theoretical level and be verified
experimentally. With knowledge of the working principles the topics b) and c) should be
attained. Potential applications and subjects should be formulated and experimentally tested
for their feasibility. With regard to the working principles and potential topics, the method
should be compared to other methods working along similar principles such as X-ray and
synchrotron imaging and tomography. The focus for these comparisons should lie upon the
synchrotron radiation, which is another new method with need for research in the area of
wood science. The final concluding topic should unite the results from the preceding topics
yielding recommendations on the applicability of neutron imaging in wood research. It should
answer questions on:
-

the appropriate method (cold, thermal neutrons, X-ray or synchrotron) for a

-

specific problem (e.g. water transport, anatomy, penetration by adhesives, etc.) and
give

-

suggestions on the experimental setup (e.g. sample size, detector system, etc.).
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Figure 2.3 Overview of the interrelations between the working topics
The structure of this thesis is as follows: In the main section (Chapter 4) containing the
scientific articles, the topics concerning the fundamental research, possible applications and
comparison to X-ray and synchrotron radiation will be treated. In Chapter 5, further
unpublished experiments will be presented and Chapter 6 concludes with a summary of the
results and recommendations for future experiments.
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Specific research objectives addressed in the papers
Paper I
For the planning and design of successful experiments, as well as for a correct evaluation of
the experimental results, it is crucial to define proper basic conditions. From a neutronimaging point of view, wood represents a structurally heterogeneous mixture of different
elements. Thus it is harder to assess possible interactions with the neutron beam than it is for
homogeneous, pure materials. The interaction between the neutron beam and a material is
generally described by the attenuation coefficient, which is a measure of the extent to which a
material attenuates incident radiation. The attenuation coefficient depends strongly on the
elemental composition and the actual neutron energy.
The goal of the investigations presented in this paper is therefore to determine the attenuation
coefficient for wood. This should be done in a theoretical approach and be verified
experimentally. For the theoretical approach, a physical model of wood was used assuming a
certain density and elemental composition. This model was used to calculate the attenuation
coefficient for a thermal and a cold neutron spectrum corresponding to those of the used
imaging facilities at the PSI (NEUTRA, ICON) based on tabulated cross-section data
(Pelowitz 2005).
The attenuation coefficients should then be determined experimentally at the PSI using both
thermal and cold neutrons. Besides the attenuation coefficient, the influence of the density,
the extractives content and the elemental composition should be assessed within the scope of
these experiments. Therefore, specimens from different European and tropical species with a
wide range of densities and extractives contents were selected. The tested parameters were
artificially varied for another set of specimens either by densification or chemical extraction.
Neutrons are very susceptible to scattering if the studied material contains hydrogen, as in the
case of wood. For quantitative analyses the scattering effect has to be avoided or corrected.
Therefore, a scattering correction tool (QNI (Hassanein 2006)) was applied on the
experimental data and the resulting data was compared with the theoretical values determined
in the first part of the experiment.
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Paper II
The Papers II and III investigate potential and suitability of neutron imaging for specific
applications. The study presented in Paper II focussed on the applicability of neutron imaging
for tree ring analyses. Those play an important role in dendrochronology, where wood is
dated along tree ring sequences, as well as in dendroclimatology, where climatic events and
conditions are retraced in order to make prognoses for future climatic scenarios. The studied
parameters are mainly tree ring width and density. Traditionally, the width is still mostly
ascertained visually, while the density is frequently determined by X-ray, using either digital
detector systems (Evans and Ilic 2001) or X-ray film (Koenig et al. 2005), which is still
widely used.
Based on the working hypothesis that the attenuation coefficient of neutrons has a linear
correlation with the density, which could be verified in Paper I, the radial density profile was
studied on softwood samples provided and previously tested with conventional X-ray
densitometry by P. Cherubini from the Swiss Federal Institute for Forest, Snow and
Landscape Research (WSL). The aim of this study was to assess the suitability of neutron
imaging for this kind of experiment and to compare the results with existing data that was
determined by using X-ray on the same samples. The samples for such investigations are
usually very thin; thus low X-ray energies with long exposure time are necessary. Neutron
imaging with its higher sensitivity should allow for obtaining comparable results in less time.

Paper III
Neutrons have a very high interaction probability with hydrogen and should thus be
predestined for investigating wood/water interactions. This is an ever-present, highly relevant
topic in wood-related research as most wood properties are directly or indirectly linked to the
moisture content. The objectives of this study were to evaluate the method’s sensitivity for
water detection on the one hand and the feasibility of investigations on dynamic processes on
the other hand. The water adsorption from the ambient air and the water transport by diffusion
should be quantified and localised and the dynamics of the whole process be assessed.
For this study, an experimental setup with controllable climatic conditions was necessary.
Therefore a neutron-transparent box with the option to control the climatic conditions had to
be designed and built. Within this box, two specimens (Norway spruce and European beech)
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were exposed to a differentiating climate with wet conditions on one side and dry conditions
on the other. During this study, the moisture transport was observed and quantified.
In a second step, the suitability of the experimental results to verify transport models is tested.
For this purpose, the diffusion coefficients was assessed based on neutron imaging data.

Paper IV
The applicability of neutron tomography for wood research was studied and compared to
similar methods. For this purpose, CTs using cold neutrons (ICON), X-rays (X-ray tube at
NEUTRA) and synchrotron light (TOMCAT) were generated. The used types of radiation
have strongly differing energies and interaction probabilities resulting in varying application
areas. In the experiments wood samples differing in species, size and treatment (e.g.
adhesives) were tested. The aim of this study was to define the appropriate application areas
for the presented methods and to demonstrate their applicability with some examples.

Paper V
CT based on transmission measurement of synchrotron light is a relatively new method. Such
investigations on wood are rare in literature so far. As this method is strongly related to the
principles used in neutron imaging and tomography, it was decided to perform basic
experiments to determine to which extent synchrotron tomography can be used for wood
research.
The objective of the presented experiments was to evaluate the use of synchrotron
tomography as a non-destructive 3D-microscope. For this purpose, a broad variety of
untreated and treated samples were examined. Besides the applicability for microscopic
investigation, the potential for investigating different treatments (wood preservatives and
wood adhesives) were tested.

3. Methodology
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Methodology: transmission-based imaging of wood

In the following, the working principles of transmission-based imaging using neutron and
electromagnetic radiation will be described, presenting the used facilities, radiation sources
and experimental methods. Most of the treated subjects belong to the field of particle physics
and will be explained in a simplified way. The chapter does not claim to be exhaustive,
further information can be found in the cited references.

Experimental facilities
All of the experiments described in this thesis were carried out at the facilities of the PaulScherrer Institute (PSI) in Villigen (Switzerland). The neutron radiography and tomography
measurements were conducted at the imaging beam-lines NEUTRA and ICON, which are
both fed by the spallation neutron source SINQ. The X-ray tomography described in Paper IV
was also carried out at the NEUTRA beam-line, which is equipped with an additional X-ray
tube (XTRA setup). Experiments using synchrotron light were performed at the TOMCAT
beam-line at the Swiss Light Source (SLS).

Neutron imaging: NEUTRA and ICON
The neutron imaging facilities NEUTRA (NEutron Transmission Radiography) and ICON
(Imaging with COld Neutrons) are both fed by the spallation neutron source SINQ. The
neutrons are produced by a spallation reaction: High-energy particles (at SINQ protons
accelerated by a ring cyclotron) are led onto a target usually consisting of heavy metal (e.g.
lead). Atomic nuclei within the target are hit by the incident high-energy proton beam (1.5
mA current at 590 MeV particle energy) and thereby excited. This nuclei excitation leads to a
spallation reaction: high-energy neutrons, protons and !-particles are emitted (Figure 3.1).
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Figure 3.1 Schematic drawing of the neutron production in the spallation neutron
source SINQ. High energy protons are led onto a lead target, exciting the atomic
nuclei and ending in the spallation act with emission of neutrons, protons and !particles. (Adapted from Anonymous 2006b)
The SINQ came into operation in 1996 and consists of a central target within a moderator
tank, which is surrounded by a massive steel block and borated concrete shielding (Bauer
1998). The produced neutrons are highly energetic (~1 to 500 MeV) and first have to be
slowed down to an energetic level suitable for research purposes. This is done in a moderator
tank (" 2 m) surrounding the target and filled with heavy water (D2O). By scattering
processes with the D2O molecules the neutrons are slowed down to a thermal energy level
around 25 meV (corresponding to a velocity of 2200 m!s-1). Neutrons within the thermal
energy spectrum are obtained using a moderator medium at room temperature. To obtain
neutrons at a lower energy level, the moderator tank of the SINQ is equipped with a
compartment filled with liquid deuterium (D2) at ca. 25 K. This so-called “cold-source”
yields neutrons within a cold spectrum of 2.2 meV (650 m!s-1).
As mentioned above, the neutrons are slowed down by multiple scattering events within the
moderator tank. As a consequence of the scattering, not only the energy level of the neutrons
is altered but also their direction. Within the moderator tank, neutrons are thus nondirectional, moving in every possible direction. For imaging purposes, however, a beam has
to show a small divergence and ideally to be perfectly parallel beam. To retrieve a suitable
beam, neutrons moving in the same direction are selected by a collimator. The collimator
consists of a tube leading neutrons flying along its axis to the experimental chamber with the
detector. While NEUTRA (Figure 3.2) is fed with thermal neutrons from the main moderator
tank, the collimator of the ICON facility is pointing at the cold source and thus providing the
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beam-line with neutrons within a cold energy spectrum. The alignment of the collimators
determines the energy spectrum of the beam-line. Neither the collimator of NEUTRA, nor the
one of ICON, are pointed directly onto the target reducing the background by !-particles,
which are also a product of the spallation process.

Figure 3.2 Schematic drawing of the neutron imaging facility NEUTRA (thermal
spectrum) and the spallation neutron source SINQ. The ICON beam-line is fed
with cold neutrons by a cold source (inset with liquid D2 at 25 K)
The collimator ensures a certain beam quality but cannot prevent a certain divergence. A
measure describing this divergence is the L/D ratio, where L is the length of the collimator
and D the diameter of its aperture. The higher the L/D ratio, the better is the beam quality in
respect to collimation. Both facilities possess two measuring positions at varying distances to
the source and hence varying collimator lengths. The L/D ratio for NEUTRA (fixed beam
aperture) is 300 or 550 and between 90 and 10’000 for ICON, which is equipped with a
variable aperture (Lehmann et al. 1996; Kühne et al. 2005; Anonymous 2006b). The
collimator leads the neutron beam into the experimental chamber, which contains the detector
system and tables for the sample positioning. The experimental chamber is shielded from the
outside with thick concrete walls and special shielding material preventing a release of
radiation.
In the NEUTRA and ICON facility, measurements can be taken at two positions, with varying
neutron flux, beam diameter (defining the maximum field-of-view) and L/D ratio. At these
positions, the experimental set-ups can be varied using different sample holders (for
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positioning, rotation or manipulation) and different detector-systems (cf. paragraph Detector
systems) depending on the experimental requirements. Furthermore, the size of the beam can
be limited to the employed field-of-view (i.e. the used size of the detector) using beamlimiters, thus reducing background scattering and activation within the bunker. Background
scattering consists of neutrons scattered by the facility (e.g. shielding, camera-box, etc.) onto
the detector, falsifying the registered signal. Materials can be activated when their nuclei
absorb neutrons, releasing radioactivity until the activation abates, which can take minutes to
months depending on the material and the duration and intensity of the irradiation. Wood is
generally not activated.
NEUTRA is furthermore equipped with a swivel-mounted X-ray tube. If the X-ray is used,
then a part of the flight tube (the exterior collimator) has to be removed. Then the X-ray tube
can be pivoted in front of the neutron source, where the inner collimator ends into the
experimental bunker. This configuration allows the use of the same experimental conditions
and detector for X-rays as for neutrons, making a pixel-wise referencing and combination of
the methods possible. An overview of the features and properties of the two imaging beamlines is listed in Table 3.1.
Table 3.1 Properties of the neutron imaging beam-lines at the PSI (adapted from Anonymous
2006b)
NEUTRA

ICON

Neutron energy spectrum

Thermal

Cold

Neutron Flux (n cm-1 s-1 mA-1)
(for L=7.1 m; D=2 cm)

7.5 106

5.8 106

2

0.1 - 8

Collimation L/D

350, 550

90 – 10’000

Special features

optional X-ray tube (XTRA)

microtomography setup,
energy selector

! Beam aperture (cm)
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Synchrotron microtomography: TOMCAT
TOMCAT (TOmographic Microscopy and Coherent rAdiology experimenTs) is an
experimental beam-line specialised in high-resolution imaging and tomography using
synchrotron light in the energy range of X-rays. TOMCAT is an experimental facility at the
SLS, which is a third generation synchrotron that has been operating since 2001.
In general, X-rays are produced whenever an electron is accelerated, e.g. when an electron
with a certain kinetic energy enters the force field of a positively charged nucleus (Figure 3.3)
(Martin 2006). The negatively charged electron is deviated and decelerated, thus losing some
of its kinetic energy and emitting electromagnetic radiation called Bremsstrahlung (German
expression meaning “braking radiation”). The incident electron can also interact directly with
the electrons of an atom, colliding and thus ejecting an electron from an inner shell. A fastmoving electron is deflected and loses some of its kinetic energy to the ejected electron. The
vacancy left by this electron is subsequently filled up with an electron from an outer shell
resulting in the emission of characteristic radiation (characteristic wavelength for every
element).

Figure 3.3 X-ray photons are produced by a) the deceleration of a fast electron in
the force field of a positively charged nucleus (Bremsstrahlung) or b) a fast
electron that ejects an electron from an inner shell and then the resulting vacancy
is filled up from an outer shell under emission of characteristic radiation
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In conventional X-ray tubes, these phenomena are used to produce X-rays. Electrons are
accelerated in an evacuated chamber onto an anode. The fast-moving electrons are stopped
within the material of the anode producing electromagnetic radiation (Figure 3.4 (A)). A
continuous spectrum up to the acceleration tension results from the deceleration as the
electrons are decelerated to varying degrees. Due to the characteristic radiation, the spectrum
is characteristic for every material. In a synchrotron like the SLS, the electromagnetic
radiation is produced in a slightly different way. Electrons are highly accelerated, forced into
an orbit and kept there with a high-energy magnetic field. Thus they are accelerated towards
the centre of the orbit, releasing the electromagnetic radiation tangentially, which is used for
experiments at beam-lines (Figure 3.4 (B)). In comparison to X-rays produced by
conventional X-ray tubes, where the radiation is emitted within a large cone, synchrotron light
has several advantages. It is electromagnetic radiation with high brightness and coherence and
is sharply bundled and focussed like a laser beam with a diameter of a few millimetres (PSI
2009).

Figure 3.4 Production of X-ray photons with a conventional X-ray tube (A) and
within a synchrotron (B)
The SLS produces electromagnetic radiation ranging from ultraviolet light to soft and hard Xray (Kettle 2002). TOMCAT is provided with photons by a 2.9 T superbend (critical energy
of 11 keV) making experiments within a large spectrum of X-rays possible (Marone et al.
2008). It has a double crystal multilayer mono-chromator generating a monochromatic beam
within an energy range of 8 to 45 keV (Stampanoni et al. 2007).
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Working principles of radiography and tomography
The basic principles of the transmission measurements and interaction of neutrons with matter
are explained in detail in Paper I. In the following paragraph, these principles will be briefly
outlined and the differences between neutron and electromagnetic regarding transmission
measurements will be emphasized.

Macroscopic and microscopic cross-section
The treated experimental methods are all based on measuring the transmission of radiation
through wood. The basic principles, which are the same for any type of radiation, will be
explained on the basis of neutron radiation. Neutron radiation is led onto an object and the
intensity of the transmitted beam behind the object is registered. To which degree it attenuates
the incident beam depends on its elemental composition and density. A measure for the
attenuation of a bulk material is the macroscopic cross-section or attenuation coefficient !
(for X-rays, this parameter is denominated !), which is defined in first order by the linear
attenuation law. Here, the transmitted beam with the intensity I is described by Eq. (1):
I = I0 e"#$ z

(1)

where I0 is the intensity of the incident beam, z the thickness of the object. The macroscopic
!

cross-section is given by the product of the microscopic cross-section ! and the atomic
density N (number of atomic cores per cm3) as follows:
"=# $ N

(2)

The microscopic cross-section, !, represents the probability for a neutron travelling with a
!

certain velocity to interact with a single atom (Rinard 1991; Markgraf and Matfield 1992).
The total microscopic cross-section, !t, sums up the probabilities of the possible interactions,
mainly scattering and absorption (Beckurts and Wirtz 1964):

"t = "s + "a

(3)

where !s is the microscopic cross-section of scattering and !a that of absorption. The
!

probability for every type of interaction and thus the microscopic cross-section is dependent
on the energy of the neutrons and the element involved.
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Eqs. (1) and (2) are thus only valid for pure materials containing only atoms of one element
and for monochromatic (mono-energetic) radiation. As the object of the experiments
presented in this thesis was wood representing a mixture of elements, and as furthermore
polychromatic radiation was used in most cases (NEUTRA, ICON and XTRA), the abovementioned equations had to be adapted to describe the interaction correctly. A detailed
description of the attenuation coefficients of wood and the possible interactions with neutron
radiation can be found in Chapter 3, Paper I.

Interaction with matter
The attenuation of electromagnetic or neutron radiation can be explained by the laws
described in the previous paragraph. Principally, three kinds of interaction with matter can be
distinguished:
a) Transmission: the radiation passes the material without altering energy or direction
b) Absorption: the radiation is absorbed transferring its energy to the absorbing material
c) Scattering: direction of the radiation changes; the energy can also be diminished
The main differences lie in the interaction probability of the respective radiation with the
different elements. The microscopic and macroscopic cross-sections for X-rays are strongly
correlated to the atomic number of the elements. The higher the atomic number, the higher is
the interaction probability with an atom of this element. Neutrons, on the other hand, show a
different interaction pattern. While some light elements like hydrogen or boron have a very
high interaction probability, some heavy elements like lead are relatively transparent for
neutron radiation. The reason for this phenomenon can be found in the different interaction
behaviours of neutron and electromagnetic radiation with the matter (Figure 3.5).
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Figure 3.5 Simplified schematic drawing of possible interactions between neutron
radiation and X-ray photons with matter; only the most relevant interactions for
the energy ranges used in the presented investigations are shown
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Neutrons bear no electric charge and are practically uninfluenced by electron shells, but they
interact exclusively with the atomic nucleus by absorption or scattering. During the
absorption, the neutron is captured by the nucleus, which subsequently decays under the
emission of !-radiation, a charged particle (e.g. proton, deuteron, "-particle), or neutrons
(Rinard 1991). In heavy nuclei (e.g. U-235) absorption of neutrons can result in fission of the
nucleus into several fragments. Scattering can occur as elastical or inelastical. In elastic
scattering, the kinetic energy of the incident neutron remains unchanged and corresponds to
that of the emitted neutron (Beckurts and Wirtz 1964). Light elements show mainly elastic
scattering. If the neutron loses energy to the nucleus, the scattering is considered inelastic
(Gläser 1973). In the following, the scattering types will not be distinguished. Scattering is
non-directional and can occur in almost every direction. Consequently, a certain part of the
scattered neutrons pass though the material. In transmission measurements, this can result in
falsified results as the scattered neutrons are registered as transmitted signals. To quantify
such experiments, the scattering has to be corrected (cf. Chapter 3: Paper I). The probability
whether absorption or scattering occurs depends on the element involved. The predominant
elements in wood are carbon, oxygen and hydrogen. For these elements, the interaction occurs
mainly as scattering while absorption plays only a minor role.
X-ray photons interact, for the most part, with the electrons in the atomic shell. The
interaction events are similar to those of neutrons. Comparable to the absorption is the photoelectric effect. Here, an X-ray photon hits an electron in an inner shell (e.g. K-or L-shell) of
the atom, which is subsequently ejected as a photo electron and the atom is ionised (Martin
2006). The vacancy in the shell is filled up with an electron from an outer shell. Displacement
to the less energetic shell results in the emission of element-characteristic X-ray radiation
with lower energy. The scattering phenomenon of X-ray photons is known as Compton
scattering (Compton 1923). The X-ray photon hits an electron in the shell of an atom and is
deviated by this collision. It loses energy to the electron, which is ejected from the shell
causing ionisation of the atom. X-ray photons with energies !1.02 MeV can show a third
interaction type called pair production. Here, the photon collides with the nucleus producing
an electron with a negative and a positron with a positive charge. Pair production is neglected
as a possible interaction in this thesis, because none of the presented experiments were in the
energy range where this phenomenon occurs.
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Detection
Direct detection of neutrons is very difficult as they bear no electric charge and do not cause
direct ionisation and thus no direct excitation. Detector systems have thus to rely on the
conversion of the neutron signal into a detectable signal. This is usually done by nuclear
interaction (either absorption or scattering) and subsequent emission of secondary radiation
(e.g. !-radiation) or charged particles (e.g. "-particle), which can then be registered by the
detector. All detector systems rely on such a conversion and dispose of a neutron-absorbing
layer containing elements with high microscopic cross-sections such as lithium or
gadolinium. Typical reactions used for conversion are:
6

Li + 1n

!

3

155

Gd + 1n

!

156

Gd + ! + e- (7.9 MeV)

157

Gd + 1n

!

158

Gd + ! + e- (8.5 MeV)

H + " + 4.79 MeV
(4)

An overview of elements suitable as detection converters is given by Berger (1971). For
neutron imaging, a considerable number of detector-systems are available, ranging from
analogue systems such as X-ray film to digital systems using a combination of scintillator and
CCD-camera. Each system has its advantages and limitations concerning, in particular, spatial
and temporal resolution and linearity of the registered signal. Lehmann et al. (2004) give an
overview on detector-systems available for neutron imaging. Within the scope of this thesis,
only digital detector systems were used (combined scintillator-CCD-camera systems and
imaging plates). The scintillator converts the incoming neutrons into visible light that is led
via a mirror onto a CCD-camera. The set-up of such a system was described by Peinert et al.
(1997) and Koerner et al. (2000). For the presented experiments, scintillators with either 6Li
or Gd as neutron absorbing agents were used. With a Gd-scintillator, it is also possible to
detect X-ray photons. For the experiments conducted at the SLS, a similar detector-system
with a scintillator coupled with a CCD-camera was used (Stampanoni et al. 2007). Imaging
plates use the combination of a neutron absorber (usually Gd or Li) and photostimulable
phosphorescing crystals (usually BaF doped with Eu) (Takahashi et al. 1996). The secondary
radiation of the neutron absorber induces a metastable excitation within the phosphor, which
stores the signal. The information is retrieved in a special reader, where a laser induces deexcitation of the crystals yielding detectable visible light (Lehmann et al. 2007). A
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comparison on disposable neutron imaging detector systems and their typical performance is
given in Table 3.1.
Table 3.1 Properties of neutron imaging systems in comparison (adapted from Lehmann et al.
2007); the values represent typical numbers in orders of magnitude, no specific system is
characterised.
Detector system

100 - 500

25 - 100

X-ray film
and
transmission
light scanner
20 - 50

10

20

300

0.03 – 10

10

Detector area (typical)
(cm x cm)

25 x 25

20 x 40

18 x 24

25 x 20

3x8

No. of pixels per line

1000

6000

4000

2000

256 -400

105
(linear)

105
(linear)

102
(non-linear)

103
(non-linear)

Unlimited

16

16

8

12

Counts

Max. spatial resolution
(!m)
Typical exposure time for
suitable images

Dynamic range
Digital format (bit)

Scintillator
& CCDcamera

Imaging
plates

Amorphous
silicon flat
panel

CMOS pixel
detector

127 – 750

50 - 200

Principles of computed tomography
Transmission images represent shadow images of the examined object. These projections thus
contain information on the object’s inner structure. This information consists of the integrated
attenuation that the beam experiences on its way through the object, yielding information for
every point in a two-dimensional plane. A projection of the object made from a right angle
from the first viewing angle yields again two-dimensional information. With just these two
projections it is possible to make a rough estimate of the position of an object’s structural
features in three dimensions. It is nevertheless still scarcely possible to make assumptions
about the actual three-dimensional shape of these features. Using projections from different
angles can therefore help to ascertain the exact form. The more information from varying
viewing angles is available, the more exact are the assumptions on the structural features with
respect to location and form (Figure 3.6). To reconstruct the actual shape of an object a
computational step called computed tomography is required.
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Figure 3.6 Principle of computed tomography: Projections gathered from
different viewing angles yield information on the location, shape and composition
of an object’s inner structure
Computed tomography is a method using projections from different viewing angles to gather
three-dimensional information on an object’s inner constitution by reconstructing a virtual
three-dimensional model of the object. For this, the projections are transformed to
tomography slices, images, which are perpendicular to the projection-plane as well as to the
rotation axis of the object (or of the source and detector, as is the case in most medical
scanners). These tomography slices represent two-dimensional matrices of the attenuation
coefficient values within the reconstructed plane. For every line within the detector, a
tomogram is reconstructed. The stack of tomograms represents a three dimensional array of
the attenuation coefficients (! (x, y, z) for neutron CT; ! (x, y, z) for X-ray CT) within the
reconstructed volume. By stacking the tomograms, a three-dimensional manipulation,
visualisation, and evaluation is possible.
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Computed tomography (CT) is based on the theoretical work of Radon (Radon 1917; Brooks
and Di Chiro 1975). The practical implementation of the principle is based on the work of
Cormack (1963) and Hounsfield (1973; 1980), who designed the first functioning X-ray CT
scanner. The first neutron tomography experiments were reported in 1977 by Barton
(Domanus et al. 1992). Detailed information on the subject can be found in Herman (1980)
and Kak and Slaney (1988).
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Paper I
Holzforschung 63(4):472-478

Neutron attenuation coefficients for non-invasive quantification of
wood properties
David Mannes1)2)*, Lidija Josic2), Eberhard Lehmann2), Peter Niemz1)
1)

Department of Civil, Environmental and Geomatic Engineering, Institute for Building
Materials, ETH Zurich, 8093 Zurich, Switzerland

2)

Spallation Neutron Source (ASQ), Paul Scherrer Institut (PSI), 5232 Villigen, Switzerland

Keywords: Neutron attenuation coefficients, non-destructive testing, quantification, wood
properties

Abstract
Attenuation coefficients and mass attenuation coefficients of wood were determined
theoretically and experimentally for thermal and cold neutrons. Experiments were carried out
at the neutron imaging facilities at the Paul-Scherrer-Institute, Villigen (CH). For the
calculation of theoretical attenuation coefficients only the three main elemental components
(carbon, oxygen and hydrogen) were taken into consideration. While hydrogen accounts only
for 6% (by wt) of wood, over 90% of the attenuation can be attributed to this element.
Nitrogen and other trace elements were estimated to have a negligible impact on the
theoretical attenuation coefficient. For the experimental determination of the attenuation
coefficients, samples from different European and tropical wood species were tested in order
to examine the influence of density and extractives content. Experimental results show a very
strong linear correlation between attenuation coefficient and wood density irrespective of the
tested species and extractives content that play only a minor role. As neutrons are very
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susceptible to scattering, it is necessary to apply a scattering correction if a quantitative
evaluation is intended.

Introduction
Transmission measurements based on electromagnetic radiation, such as !- or X-rays have
long been well established as non-destructive testing methods in the area of wood research
(Bucur 2003a, b). A method working along similar principles is neutron imaging (NI), which
represents an innovative technique for investigations on wood (Lehmann et al. 2001a;
Osterloh et al. 2008). NI is complementary to X-ray methods and a very promising tool for a
multitude of applications, such as quantitative evaluations of moisture contents (Niemz et al.
2002), the penetration behaviour of wood adhesives (Niemz et al. 2004) and conserving
agents (Lehmann et al. 2005) or the determination of density profiles (Mannes et al. 2007). In
order to exploit its full potential, it is necessary to consider the theoretical background of the
method and to focus on the interactions between neutron radiation and wood on an elementary
level. The attenuation coefficients and the mass attenuation coefficients are parameters
describing those interactions and have already been determined for different energy levels of
electromagnetic radiation based on theoretical or experimental data (Olson and Arganbright
1981; Liu et al. 1988; Hoag and Krahmer 1991). For NI on wood, however, those parameters
have scarcely been scrutinized until now.
The aim of this study was to determine the attenuation coefficients and mass attenuation
coefficients of wood for cold and thermal neutrons both theoretically and experimentally. The
experiments were conducted at the neutron imaging beam-lines of the Paul-Scherrer-Institute
(PSI), Villigen, Switzerland. European and tropical wood species with varying density and
extractives contents were investigated.
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Materials and methods
General principle
Neutron imaging as well as X-ray imaging is based on transmission measurements, i.e. the
degree to which an object within the beam path attenuates the incoming radiation (Figure 1) is
observed. The result is a shadow image of the object yielding information on its inner
structure and composition as the interactions between incoming beam and object depend on
its elemental composition and density. Those interactions, which contribute to the attenuation
in this kind of experiment, comprise absorption and scattering.

Figure 1 Simplified visualisation of the transmission measurement: the incident
neutron beam with the intensity I0 is led on a sample with the thickness z. The
transmitted beam with the intensity I is registered with a 2D-detector.
How the atoms of different elements interact with the beam depends on the type of radiation.
E.g. X-ray photons interact with the electrons of atomic shells, resulting in a strong
correlation between the atomic number and the interaction probability. The larger the atomic
number, the higher is the interaction probability given by the microscopic cross-section, !.
Neutrons, on the other hand, possess a completely different interaction pattern with matter.
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Being electrically neutral particles, they are not likely to interact with electron shells of an
atom. The interaction occurs with the atomic core itself and thus is not correlated with the
atomic number. Instead, it shows a high interaction probability for some light elements, such
as hydrogen while heavier elements, such as lead are practically transparent for neutrons.
The attenuation coefficient or macroscopic cross-section, !, is a parameter that describes the
degree to which a certain material attenuates a beam. The attenuation results from all
interactions of the beam with an object, which includes scattering as well as absorption. In a
simplified first order approach, a differentiation between both interaction types can be
neglected. The transmitted mono-energetic beam with energy E can be described by the linear
attenuation law:
I ( E ) = I0 ( E ) " e#$( E ) " z ,

(1)

where I is the intensity of the transmitted beam, I0 is the intensity of the incident beam, ! is
!

the neutron attenuation coefficient of the material and z is the specimen thickness. The linear
attenuation law is valid under the assumptions that the beam is mono-energetic and that the
thickness, z, tends towards 0.
The attenuation coefficient, !, comprises of the microscopic cross-section of an element, !,
i.e. the interaction probability of an element with the radiation, and the atomic density, N, of
this element. For pure specimens of only one element, ! is calculated as follows:

"=# $ N

(2)

For compound materials containing more than one element, the attenuation coefficients of the

!

individual components sum to give the total attenuation coefficient of the sample:
n

n

" total = # " i = # ( $ i % N i )
i=1

i=1

(3)

The elemental composition of wood regarding the main components is relatively similar for
!

all wood species (Rowell 2005). They only differ in the contents of some trace elements that
are characteristic for the individual species. Thus only the three main components, namely
carbon (50%), oxygen (44%), and hydrogen (6%), were considered for the calculation of the
theoretical attenuation coefficients while the other elements were neglected (% by wt).
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Microscopic cross-sections, !, of the individual elements were taken from data libraries
(Pelowitz 2005). Those libraries provide energy dependent cross-sections for elements based
on the free-gas model and also for a few elements bound in compounds. The !-values for
hydrogen, as bound in water, were taken into account, while for carbon and oxygen crosssections of the free-gas model were used. As both utilised beam-lines show polychromatic
characteristics, ! had to be calculated as a mean value weighted along the respective spectrum
of each beam-line. The atomic density, N, was estimated according to equation (4):

N = ( " / A ) # NA ,

(4)

where " is the material density, A the atomic weight and NA Avogadro’s constant.

!

For the calculation of the theoretical attenuation coefficient, a density of 0.6 g cm-3 was
assumed.
The ratio of attenuation coefficient and density is called mass attenuation coefficient !/". It is
a material property specific to a certain neutron energy spectrum and a constant for all wood
densities and wood species, as long as the actual elemental composition is similar to the
assumed one.

Experimental setup
The experiments were carried out at the neutron imaging beam-lines NEUTRA and ICON at
PSI, Villigen (CH). NEUTRA is a beam-line using neutrons within a thermal energy
spectrum, while ICON provides a cold spectrum with less energetic neutrons. The
characteristics of the two beam-lines have been described by Lehmann et al. (2001b) for
NEUTRA and by Kuehne et al. (2005) for ICON. Figure 2 shows the spectra of the two
beam-lines and the microscopic cross-sections, ", of the elements taken into account for the
calculation of the theoretical attenuation coefficients. Both facilities are provided with
neutrons by the spallation neutron source SINQ (Bauer 1998).
At both facilities, the setup for the described measurements was similar: the samples were
positioned within the path of an almost parallel neutron beam in front of a detector. Detector
was a scintillator-CCD-camera-system. The scintillator, doped with Lithium or Gadolinium as
the neutron absorbing agent, converts the neutron beam into visible light. Within a light-tight
box, the produced light is sent onto a CCD-camera via a mirror. The images were then
digitally stored as 16-bit files.
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Figure 2 Energy spectra of the neutron-imaging beam-lines NEUTRA (thermal
spectrum) and ICON (cold spectrum) scaled on the right side (normalised
arbitrary units); the microscopic cross-sections of hydrogen (H), carbon (C) and
oxygen (O) are scaled on the left side; note the logarithmic scale of the X-axis.

Evaluation of the experimental data
Before the evaluation, the raw image data had to be processed in order to correct
inhomogeneities of the experimental setup. First, a median filter was used on the images to
eliminate “white-spots”, which are outliers caused by such occurrences as direct hits of the
CCD chip from !-particles, for example. Then the offset caused by the background noise of
the CCD camera was subtracted from all of the images. In the next step, the images were flatfield corrected to reduce the impact of inhomogeneities of the beam and the scintillator. These
standard steps are common to all transmission based imaging methods, e.g. X-ray or
synchrotron radiography and tomography.
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Figure 3 Simplified model of possible interactions between incident neutrons and
the atoms within the object: A) absorption, B) scattering and C) transmission;
potential error sources for quantification: D) sample scattering, E) background
scattering

As neutrons are susceptible to scattering, especially if hydrogen is involved, quantitative
evaluation of the image data necessitates further corrections in particular for thick water
layers and high amounts of moisture (Hassanein et al. 2005). Scattering events that can be
problematic for the quantification of neutron images are caused by a combination of
scattering within the sample and background-scattering (Figure 3). Sample-scattering can lead
to an underestimation of the attenuation because the scattered neutrons can deviate so that
they hit the detector behind the sample. Thus they are counted as a transmitted signal
although they have interacted with the material and therefore should contribute to the
attenuation. The background scattering consists of neutrons, that are scattered back onto the
detector by the experimental setup (e.g. facility’s shielding material, camera box, …). The
scattering corrections were performed by the software tool QNI (Quantitative Neutron
Imaging) developed by Hassanein (2006). The software calculates the estimated contribution
by scattering events and subtracts these from the neutron image. The estimation of the sample
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scattering is based on Point Scattered Functions (PScF), which are calculated with MonteCarlo simulations. The PScFs “describe the scattering distribution caused by a neutron beam
from a point source penetrating a material layer” (Hassanein 2006). It takes into account the
energy spectrum of the used facility, the sample-detector distance, the elemental composition
of the tested material, and the scintillator material used. All of these parameters have to be
known in order to run the scattering simulation, on which the correction is based. An example
of a typical transformation from raw image data to the final scattering corrected image is
presented in Figure 4.

Figure 4 Correction of a typical neutron image showing (left: sample of Makassar
ebony; right: sample of obeche) 4A shows the raw image, 4B the „flat field“
without the samples and 4C shows the scattering corrected image
After correction, transmission values for each sample were derived from the corrected images
using image-processing tools. With the obtained values, the attenuation coefficient, !, was
calculated for each sample from equation (1):
"=

#lnT
z ,

(5)

where T is the transmission of a sample with thickness z. The transmission, T, is defined as
!

the ratio of the transmitted to the initial beam intensities:

,

I=

# "( E ) $ ( E ) d E ,

I0 =

# " (E ) $ (E ) dE
0

(6)

where "(E) and "0(E) are the beam energy distributions and ! (E) is the energy dependent
! efficiency.
!
detector
In addition, an error estimation for the !-calculation was carried out including experimental
uncertainties for I, I0 and z.
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Materials
The wood samples investigated cover a broad range of density and extractive contents (see
Table 1, in which also the experimental set-up is listed). All samples were oven-dried at
103°C until weight constancy before the actual experiments and the samples were stored
within sealed plastic bags in an evacuated desiccator with silica-gel. The dry samples were
only unwrapped immediately before the measurements, which were started and concluded
within few minutes, to minimise the influence of water absorbed by the specimens. Although
a small risk of some residual moisture after drying and water from post drying sorption
remains, the moisture content of the specimens was assumed to be zero. The sample size was
selected such that sufficient transmission through the sample could be expected and
inhomogeneities caused by factors, such as tree rings, could be compensated for.
Table 1 Overview of the different experiments and utilised samples. Latin names of woods:
see experimental.
FACILITY
(and objectives)
NEUTRA*
and ICON**
(Relation of
attenuation
coefficient or
mass
attenuation to
density)

Species

(n)

Dimensions
(height x width x
thickness) (cm)

Oven dry
density
(g cm-3)

European beech

10

Norway spruce

10

Norway spruce

4 natural
density

2x2x2

0.47

4 densified

2 x 2 x 1.2

0.67 – 0.75

4 densified

2 x 2 x 0.9

0.91 – 1.00

(natural and
artificially
densified)
Norway spruce

NEUTRA*
(Relation of
attenuation
coefficient to
extractives
contents)

Number of
samples

common yew
European larch
black locust

2 untreated and
2
extracted***per
species

balsa
obeche
merbau
Makassar ebony

1 sample per
species

3 x 1.5 x 1.5

0.59 – 0.69
0.39 – 0.51

0.39 – 0.42
2x2x1

0.56 – 0.63
0.54 – 0.62
0.66 – 0.73

5x2x2

0.2

2x2x1

0.3

2 x 2 x 0.6

0.9

1 x 1.5 x 0.6

1.2

*NEUTRA (thermal spectrum), **ICON (cold spectrum), *** Extraction: Tappi T204 om-88 (modified)

In order to verify theoretical values, the first experiment performed with thermal and cold
neutrons (NEUTRA and ICON) was focussed on the relationship of attenuation coefficient
and mass attenuation with density. Wood species investigated: European beech (Fagus
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sylvatica L.) and Norway spruce (Picea abies (L.) Karst.). Ten specimens per species were
tested with their naturally varying densities and also a set of spruce samples was included
with artificially modified density. The latter were cut from the same board, which was
gradually densified in a press, resulting in samples with identical elemental composition but
three different densities (uncompressed and two densification steps).
In the second experiment, the influence of the extractive contents on the attenuation
coefficient was observed in addition to the density dependence. Two specimens from twin
samples were scanned from the following species: Norway spruce (Picea abies (L.) Karst.),
common yew (Taxus baccata L.), European larch (Larix decidua Mill.), and black locust
(Robinia pseudacacia L.). The samples were cut from boards: one was extracted while the
other one remained untreated. The extraction was carried out in an autoclave (2 h at 90°C and
2 bar) with ethanol-toluene as extractive agent along TAPPI T204 om-88 (modified). This set
of samples was measured with thermal neutrons (NEUTRA).
Together with the extracted samples, a smaller set of tropical woods was measured which had
a broad natural range of densities and extractives contents. Species: balsa (Ochroma lagopus
Sw.), obeche (or abachi or wawa) (Triplochiton scleroxylon K. Schum.), mirabow (Intsia
spp.), and Macassar ebony (Diospyros spp.).

Results and discussion
Theoretical attenuation coefficients
The theoretical attenuation coefficients and mass attenuation coefficients are listed in Table 2.
Calculated attenuation coefficients, !, of the thermal and cold neutron spectra refer to
absolutely dry wood with a density of 0.6 g cm-3. Although hydrogen represents roughly only
6%weight of the wood substance, it accounts for 90% of the attenuation coefficients in the
thermal spectrum and 91% in the cold spectrum. Carbon and oxygen, which contribute over
90% to the mass of wood, play only a minor role in respect to the attenuation of the neutron
beam.
The mass attenuation coefficients !/" are constant and can be considered as wood properties
for a certain energy spectrum. A comparison with the values determined by Olson and
Arganbright (1981) shows that the mass attenuation coefficients for both neutron spectra
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(1.88 cm2 g-1 for thermal neutrons and 2.37 cm2 g-1 for cold neutrons) lay between the values
of mono-energetic X-ray photons with 10 and 15 keV.
Table 2 Theoretical microscopic cross sections and attenuation coefficients for a simplified
physical model of wood (density 0.6 g/cm3) at the imaging beam-lines NEUTRA (thermal
spectrum) and ICON (cold spectrum); only carbon, oxygen and hydrogen are taken into
account as constituents
Material density

C

O

H

-3

"

Relative fraction
Number density N
Atomic weight A

(g cm )
(%)
(cm-3)
(g mol-1)

50

44

6

1.51E+22
12

9.94E+21
16

2.17E+22
1

(cm2)

4.93E-24

4.00E-24

4.70E-23

(cm-1)
(%)
(cm2 g-1)

0.07
6

0.04
4

1.02
90

(cm2)
(cm-1)
(%)
(cm2 g-1)

5.29E-24
0.08
6

!

Wood
0.6
4.67E+22

Thermal neutron spectrum
(NEUTRA)
Microscopic cross section

"

Attenuation coefficient "
relative share of "
Mass attenuation " #

!

Cold neutron!spectrum
!
(ICON)
Microscopic
cross section
!
Attenuation coefficient "
relative share of "
Mass attenuation " #

!

"

1.13
1.88

4.23E-24
0.04
3

6.02E-23
1.31
91

1.42
2.37

!
!
It should be restated that the presented theoretical attenuation coefficients represent only
!
approximations of the real values as two assumptions had to be made for the calculation:

A) The first assumption concerns the elemental composition. While Olson and Arganbright
(1981) also took nitrogen into consideration when determining the X-ray mass attenuation
coefficients, it seemed negligible in the case of neutrons. For the calculation, only carbon,
oxygen and hydrogen were taken into account. Nitrogen seemed negligible as it represents,
together with all other trace elements, less than 1% (by wt) of wood. Besides the small
content, nitrogen shows a small microscopic cross-section similar to that of carbon and
oxygen.
B) The next assumption concerns the database for the microscopic cross-sections !. The
calculation is based on data retrieved from different data libraries, where the microscopic
cross-sections for the different natural elements and isotopes are collected. Microscopic cross-
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sections for a certain element can vary significantly depending on whether the atom is
considered as part of a compound or as a free atom. The !-values are, for example, 50%
higher for hydrogen bound in water than for the free hydrogen. So far no data is available for
hydrogen, carbon and oxygen bound in cellulose, hemi-cellulose or lignin. While for
hydrogen, the !-values for hydrogen bound in water were used, but for carbon and oxygen the
!-values for their elemental form had to be applied.
The available cross-sections are given as energy dependent quantities. The experiments were
carried out at facilities with two different polychromatic beams. For the calculation of the
attenuation coefficients, the microscopic cross-sections were weighted against the
corresponding spectra.

Experimentally determined attenuation coefficients
Part of the experiments is aimed at determining the relationship between attenuation
coefficient and density, the impact of scattering, and the accordance of the experimental
results with theoretical values. The results for the thermal spectrum are shown in Figure 5.

Figure 5 Attenuation coefficient " (thermal spectrum (NEUTRA)) of beech and
spruce samples over the density; " without scattering correction: crosses; " with
scattering corrections: rhombuses; theoretical values: grey line; vertical error bars:
estimated measuring errors.
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The experimental attenuation coefficient, !, without scattering correction already shows a
very strong linear correlation to the density but the difference to the expected theoretical
values is very distinct. The data corrected with the scattering correction software, QNI, further
increase the linearity of the results and the values are shifted very close to those of the theory.
The corrected experimental data agree to a great extent with the theoretical values as the
correlation coefficient (r2=0.99) determined by linear regression indicates. Figure 6 illustrates
the mass attenuation coefficients, !/", with and without scattering correction in comparison to
the theoretical !/"-value. The mass attenuation, which should be constant, shows a
considerable spread for the uncorrected data that are also quite low in comparison to the
theoretical value. The scattering correction also has a clear influence on the mass attenuation
by decreasing the spread of the results and by approaching the mean value of the experimental
results to the theoretical one.

Figure 6 Mass attenuation coefficients (thermal spectrum) for the tested wood
samples: experimental results without scattering correction (uncor), experimental
results with scattering correction (cor) and the theoretical mass attenuation
coefficient (dashed horizontal line).
The experiment was repeated with identical samples for a cold neutron spectrum at the ICON
facility. Figure 7 shows the results for attenuation coefficients over the density range. Similar
to the experiment with the thermal spectrum, a strong linear correlation with the density can
be observed. However unlike the first experiment, the uncorrected values already lie relatively
close to the expected theoretical ones. The results with scattering correction are closer to the
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theoretical values but not as close as for the thermal spectrum. Although the correlation is
indubitable, it is not as pronounced as for the thermal spectrum. This tendency also appears in
the mass attenuation coefficients (Figure 8). The uncorrected results are already in the vicinity
of the theoretical ones showing that the scattering correction accounts for a smaller effect than
for the thermal spectrum. Also the spread of the uncorrected and corrected results is
significant.
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Figure 7 Attenuation coefficient ! (cold spectrum (ICON)) of beech and spruce
samples over the density; ! without scattering correction: crosses; ! with
scattering corrections: rhombuses; theoretical values: grey line; vertical error bars:
estimated measuring errors.
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Figure 8 Mass attenuation coefficients (cold spectrum) for the tested wood
samples: experimental results without scattering correction (uncor), experimental
results with scattering correction (cor) and the theoretical mass attenuation
coefficient (dashed horizontal line).
The differences in the results for thermal and especially cold spectra, when comparing the
effect of the scattering correction can be ascribed to different effects. One could be that the
scattering correction software was first developed for the NEUTRA beam-line. The
interaction behaviour of neutrons in a thermal spectrum are well known and a multitude of
empirical and theoretical data is available for this energy range. This is not the case for cold
neutrons, which are used at ICON. As only very few facilities worldwide work with cold
neutrons, fewer and less reliable information on that energy range is available. The higher
discrepancy between theoretical and experimental data could indicate that the data used for
the simulation of neutron scattering in the cold spectrum are not as reliable as those used for
the thermal spectrum.
Another point that could add to the discrepancy between the beam-lines could be that the
ICON beam-line, which came only into operation at the end of 2005, was built with the
experience gained at NEUTRA. Thus some constructional weaknesses could be avoided,
resulting in a possible overcompensation of presumed background-scattering effects by the
correction software.
Another part of the experiments aimed at ascertaining the possible influence of the extractives
contents on the attenuation coefficient. Figure 9 shows the attenuation coefficients of the
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extracted and untreated wood samples for the thermal spectrum. A strong linear correlation is
obvious between attenuation coefficient and density, and we suggest that the extractive
content influences the attenuation coefficient only as far as it affects the density. This result
confirms the working hypothesis at the beginning of the experiments as the influence of
elements other than carbon, oxygen and especially hydrogen seems to be insignificant. Some
of the values for the extracted samples in Figure 9 show higher values for the attenuation
coefficient as well as for density. This is due to the fact that not all of the samples represent
perfect twin samples with identical density and tree ring structure. Some of the samples had
some knots leading to higher density and thus to higher attenuation in spite of the extraction.
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Figure 9 Attenuation coefficient ! (thermal spectrum) of extracted (white) and
untreated (grey) twin specimens of spruce, yew, larch and black locust over the
density. Vertical error bars: estimated measuring errors.

The results obtained from the tropical wood species show again a high linear correlation
between attenuation coefficient and density, which confirms the results of the other
experiment as well as the theoretical considerations (Figure 10). When compared to the
theoretical values, the results for the two species with higher densities (merbau and makassar
ebony) lie below the calculated theoretical values. Possible explanations could be the very
restricted number of samples tested in this experiment or the uncertainties of the scattering
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correction software. Nevertheless, the accuracy of the experimental results is satisfying as the
theoretical values are still in the range of the estimated measuring error.
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Figure 10 Attenuation coefficient ! (thermal spectrum) of tropical wood species
(balsa, obache, merbau and Makassar ebony) over the density; vertical error bars:
estimated measuring errors.

Conclusions
The attenuation coefficient of wood for thermal and cold neutron spectra shows a very strong
linear correlation to the wood density unaffected by the tested wood species or extractive
content. Although consisting only of ca. 6% of hydrogen, it accounts for 90% of the
attenuation, while the other two main components, carbon and oxygen, account for the rest.
For theoretical considerations of the attenuation coefficient of wood for neutrons, other
elements can thus be neglected.
As neutrons are very susceptible to scattering, especially when interacting with hydrogen,
correcting these scattering effects with suitable software (such as the QNI used) seems
necessary if quantitative evaluations are intended.
The determination of the attenuation coefficients of wood is a necessary step towards
utilisation of neutron imaging as a reliable non-invasive evaluation method in the field of
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wood research. It provides a framework for future experiments, which could focus on the
distribution of density or especially of moisture. From the attenuation coefficients, measuring
specifications regarding experimental setup, sample size and condition, etc. can be derived.
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Abstract
Neutron imaging is a new non-destructive testing method in wood science. It is similar to Xray methods but with differing sensitivities for different elements. In this study, neutron
imaging was used to ascertain the density profiles of thin spruce samples and compared with
results generated with standard X-ray microdensitometry. Data obtained through neutron
imaging were similar to those resulting from the X-ray method. The advantage of neutron
imaging is its higher sensitivity to some elements, such as hydrogen. Together with the high
neutron-sensitivity of the applied detectors (imaging plates) this makes shorter exposure times
possible, and yields more detailed information on the inner composition of wood. X-ray film,
which is still most commonly used in X-ray densitometry, has the disadvantage that the
relationship between the optical density of the film and the density of wood is non-linear.
This means that corrections and calibration with step wedges are necessary, whereas with
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neutron imaging the digital values can be used directly to calculate the density at a certain
point of the specimen.
Thus neutron imaging appears to be an appropriate method which can be used as complement
to established X-ray methods for fast and straightforward investigations of tree rings, growth
zones and wood density.

1. Introduction
Wood density is one of the most important wood characteristics for assessing wood quality as
it provides an indication of the physical and mechanical properties of wood, such as strength,
stiffness, hardness, hygroscopic properties, swelling and shrinkage processes, thermal
conductivity and acoustic properties (Kollmann and Côté 1968). Moreover, variations in the
wood density inside and between tree rings can provide valuable information on past climatic
conditions and on tree carbon storage at a site under natural or artificial conditions (Hughes
2002). For example, it might show the influence of fertilisation or air pollution on carbon
sequestration by trees (Bascietto et al. 2004).
Tree-ring analysis, i.e. the measurement of ring width and wood density, is the first essential
step in a dendrochronological study. It relies on the characteristic succession of earlywood
and latewood, as well as their density, within and across the tree rings to date the formation of
wood rings. The analysis of these rings makes it possible to reconstruct past environmental
conditions. In particular, variations in tree-ring density have been widely used for
dendroclimatological purposes because maximum density has been found to be one of the
best climatic proxies with annual resolution for reconstructing past summer air temperatures,
which are relevant for the discussion of current climatic change (IPCC 2001).
There are many methods for determining wood density, but there is now increasing interest in
developing new methods, yielding more detailed information in shorter time. One option is to
perform optical analyses using digital cameras to record light reflected or transmitted by the
specimens and subsequently perform a computer-based analysis of the resulting image
(Clauson and Wilson 1991). This might be applied down to a microscopic level (Park and
Telewski 1993), but does not necessarily work out for all wood species, particularly for those
characterised by conspicuous differences between sapwood and coloured heartwood
(Sheppard et al. 1996). Another optical approach is to measure the cell wall thickness on a
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microscopic level (transmission light microscope) and then to assess the wood density of the
tree ring (Decoux et al. 2004). As Koch et al. (1998) showed, light in the far infrared
spectrum can be used to evaluate wood density.
A non-optical method is to measure the drilling resistance to ascertain density variations
within and between tree rings (Rinn et al. 1996). A rather destructive way of measuring wood
density is the laser-sandblasting method, which relies on the correlation between hardness and
wood density (Schulz 1985). Larger amounts of the less dense earlywood are abraded, leaving
a characteristic profile on the sample which can be scanned and registered with a laser
(Lesnino 1994). A new non-destructive testing method is high-frequency densitometry, which
uses variations in the dielectric properties of wood to detect wood density alterations
(Schinker et al. 2003).
The most common and widely accepted methods are, however, based on radiographic
measurements. The first tests with ionising radiation were made in the late 1950s with !-rays
(Cameron et al. 1959) and "-rays, which are still used (Tiitta et al. 1996). X-rays are,
however, the most common method based on radiographic measurements. X-ray radiography
of wood was developed in the 1960s, mainly by Polge (1964, 1965, 1966), and adopted by
several other wood-technology laboratories (Lenz et al. 1976; Polge 1978). The method,
which has not changed significantly since the sixties, is described by Schweingruber et al.
(1978) and Eschbach et al. (1995). The X-ray densitometry is based, in most instances, on Xray films, which are analysed with a densitometer. Earlier attempts were made to use
computerised data processing in the analyses (Parker et al. 1973) and to directly scan in data
(Hoag and McKimmy 1988; Moschler and Winistorfer 1990; Bergsten et al. 2001). The
majority of investigations today are nevertheless still based on the evaluation of X-ray films
(Koenig et al. 2005). One problem which occurs when X-ray film is used is the nonlinearity
of the relationship between the optical density and the actual wood density (Rudman et al.
1969; Lenz et al. 1976). Corrections and calibrations have therefore to be made based on step
wedges with similar density, and thus a presumably similar beam attenuation as wood.
Neutron imaging (NI) is a new non-destructive method which works according to the same
principles as X-ray. It provides information on the inner structures and the constitution of
samples, and is strongly correlated with the density and the moisture content of the material
being examined. As neutrons are more sensitive than X-ray to some elements like hydrogen,
it is particularly suitable for investigating wood (Lehmann et al. 2001). Moreover, neutron
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imaging is nowadays based on digital data acquisition, so that there is a linear correlation
between the image data and the effective density of the material being tested, as well as a
shorter acquisition time.
We present here a comparative study of methods for analysing tree rings, with the main focus
on comparing standard X-ray methods and neutron imaging.

2. Materials and Methods
2.1 Neutron imaging – General principles
Both neutron imaging (NI) and X-ray radiography are based on the principle of transmission
measurement. From a source (in this case the spallation neutron source SINQ at the Paul
Scherrer Institut (PSI), Villigen, Switzerland) low energy neutrons are guided via a collimator
on a specimen. Depending on the constitution and inner structure of the specimen, the neutron
beam is attenuated and subsequently registered behind the sample as a two-dimensional data
set of grey-level values in individual pixels by a detector system. Unlike X-rays where the
photons interact with the electron shells of the atoms, the neutron beam interacts with the
nuclei of the atoms within a sample. Hence different elements have different interaction
probabilities with the neutrons, providing information on the constitution of the specimen.
Despite the differences between X-ray and neutron imaging, the basic principles are the same.
The following explanations of neutron functionality can be applied similarly to X-rays. The
main formal difference is in the nomenclature, namely of the attenuation coefficients, which
is ! for neutrons and " for X-rays.
For the following considerations, energy dependence of the radiation was completely ignored.
In accordance with the attenuation law, the intensity of the neutron beam behind the sample
can be calculated as follows:
I = I 0 ! e # "!d

Where:
I0 = incident intensity of the neutron beam [grey levels]
I = weakened intensity of the neutron beam [grey levels]
! = attenuation coefficient [cm-1]
d = sample thickness [cm]

(1)
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Based on this equation, the attenuation coefficient ! can be calculated by:

I0
)
I
d

ln(
!=

[cm-1]

(2)

The attenuation coefficient is determined by the nuclear density N and the interaction
probability " for the respective elements constituting the sample. The effective attenuation
coefficient !eff consists of the attenuation coefficients of the involved elements and can thus
also be described as follows:
n

# eff = " N i! i

[cm-1]

(3)

i =i

Where:
N= nuclear density [nuclei/cm3]
" = microscopic cross-section interaction probability with the neutrons [cm2]

If:
Ni =

"i
!L
Mi

[nuclei/cm3]

(4)

Where:
# = density [g/cm3]
L = Avogadro’s constant
M = atomic weight
[g/mol],

the density # can be calculated by

"=

#*M
L *!

[g/cm3]

(5)

If the elemental composition and the microscopic cross-sections, i.e. the interaction
probabilities of the incident neutrons with the elements present in the material examined, are
known, the density of a sample can be determined with the above equation (5). The chemical
composition of different wood species varies considerably especially with regard to their
respective lignin / cellulose ratio and the types of lignin, but their composition as far as
chemical elements are concerned is practically identical (Lohmann et al. 2003). The wood of
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most tree species consists mainly of the elements C, H, O and N in similar proportions for
most tree species (Table 1). Small traces of other elements can also be found, and these are
species specific. They represent, however, only a very small part of the elements.
In our study, the main focus was on the four major elements, and the remaining elements
were ignored. The microscopic cross-section ! of wood was calculated with the mean values
of the spectrum of the NEUTRA facility at PSI (Lehmann et al. 1999) for the elements
concerned. With these values a weighted microscopic cross-section for wood was calculated,
based on the proportions of the elements C, O, H and N occurring in wood. The macroscopic
cross-section and the attenuation coefficient " were calculated with the data of the neutron
image. These values were used to calculate the wood density profile using equation 5.
Table 1: Wood in a simplified physical model (density 0.44 g/cm3). The microscopic crosssections of the neutrons are the average values of the energy spectrum at the NEUTRA
facility at PSI.
Elements

% by weight Atomic
weight

M [g/mol]

Nuclear
density

Microscopic
cross-section
for thermal
neutrons at
PSI
N
2
3
[nuclei/cm ] " [cm ]

Attenuation
coefficient
for thermal
neutrons
" [cm-1]

C

50

12.01

1.10E+22

4.92E-24

5.41E-02

O

43

16

7.21E+21
!

4.00E-24
!

2.88E-02

H

6

1.01

1.57E+22

4.58E-23

7.19E-01

N

1

14.01

1.89E+20

1.18E-23

2.23E-03

total

100

8.04E-01

The incident beam can be transmitted, scattered or absorbed by the atoms within the sample.
Scattering and absorption of neutrons are both comprised in the attenuation coefficient or
macroscopic cross-section ("). The simple exponential attenuation law applies only as a first
approximation. Specimens that are thicker in the direction of the beam direction or made of a
highly scattering or absorbing material lead to deviations from this approximation. Wood,
which is basically composed of compounds of C, O, H and N, normally shows scattering as
main interaction with the neutron beam. Because of the relatively small dimensions of the
specimens tested, namely 1 mm in the direction of the beam, no secondary scattering was

4. Main investigations

58

expected, and no calculative scattering correction deemed to be necessary. Small distances
between the specimen and the detector, which were here only a few millimetres, still may
have an influence on scattering, and so have to be considered.
Neutrons and X-rays have different interaction probabilities and thus different sensitivities to
different elements. The attenuation coefficient for spruce wood is for neutrons about 10 times
higher than for X-rays with 160 kV (Mannes 2006b). The attenuation coefficients confine the
maximum and minimum sample thickness of a material which can be reasonably examined
with a detector-system. This is on its part defined by its dynamic range and the detection
noise. As can be shown in Figure 1, the sample dimensions that can be tested with neutrons
are an order of magnitude below those of X-rays with 160 kV. This makes the method of
neutron radiography particularly suitable for tree-ring analyses, where the sample thickness is
normally relatively small in order to avoid oblique fibre orientation. This would otherwise
lead to blurred images and thus to errors in the determination of the tree-ring border and the
density distribution.

Figure 1: Theoretical sample thickness of spruce wood in the beam direction (! =
0.44 g/cm3) for X-rays (160kV) (above) and thermal neutrons (below) on a
logarithmic scale.
Neutron-sensitive imaging plates (IP) were applied as a detector system in this study. This
detector system is based on the phenomenon of photo-stimulated luminescence (PSL), which
is based on the interaction between ionising radiation like X-rays and a layer of
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photostimulable crystals. A detailed description of the method can be found in Amemiya and
Miyahara (1988). The imaging plates used for neutron imaging purposes also contain
Gadolinium (Gd), which acts as a neutron converter (Tazaki et al. 1999).
After exposure to the neutron beam, the latent information stored on the imaging plate was
extracted and digitised by means of a special imaging-plate-reader (e.g., Fujifilm BAS-2500).
The resolution of the reader was 50µm per pixel. In the readers used here, the imaging plates
are scanned with a laser and the emitted light is amplified with a photomultiplier and
subsequently digitised. Results from this procedure are 16-bit images with up to 65’536 greylevel values. In the presented case the employed detector and experimental setup showed a
signal-to-noise-ratio (S/N) of approximately 100.
The facility used for the present investigations was the Neutron Radiography Station
(NEUTRA) at the Paul Scherrer Institut (PSI), which relies on thermal neutrons (25 meV)
(Lehmann et al. 1999).

2.2 Radiography of standard specimens
We used Norway spruce (Picea abies (L.) Karst.) samples in a first series of tree-ring
analyses. The samples were obtained from trees that had been bent in the winter 1981/1982
by a snow avalanche in a forest plantation at Blesa/Pusserein, close to Schiers (Grisons,
Switzerland). The response of the trees, during recovery was observed until 1994, and the
trees were then cut down (July 19, 2004) as part of a long-term study of the interrelationships
between trees and avalanches (Frey 1984). From each of six trees, three stem disks were
obtained, at three different heights (at 5, 50, 100 cm height). From each disk we cut two
opposite samples (2 cm wide) along the rays, including the pith. All the samples were
analysed using X-ray microdensitometry. The samples were 1mm thick. The X-ray
densitometric investigations were carried out at the Swiss Federal Institute for Forest, Snow
and Landscape Research (WSL), using the densitometer Dendro 2003 (Walesch-Electronics,
Effretikon, Switzerland), described in Eschbach et al. (1995).
For the neutron radiographic investigations, the samples were first fixed on a sheet of paper
and then attached directly to an imaging plate. This was then placed inside the radiography
station in front of the flight tube, which conducts the neutrons from the source into the
experimental chamber (Figure 2). The imaging plates were positioned approximately 11 m
away from the aperture and 13 m from the centre of the source (L/D ! 500).
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Figure 2 Sketch of the neutron radiography station NEUTRA with thermal
neutrons
The imaging plates were exposed for 20s. After extraction and digitisation of the images, the
data obtained (Figure 3) were analysed with special image processing software (Aida Image
Analyzer v.3.11). This was done by laying a profile where a wood strip could be seen in the
image. It was attempted to position the profile analogue to the measuring points used for the
X-ray microdensitometry .The integrated profile, which had a width of 2 mm, was drawn
perpendicular to the tree rings. The grey-level values were integrated over the width of the
profile, yielding a value series representing the transmitted neutron beam behind the sample
(I). The “open beam” or the incident beam (I0) was ascertained with values from areas close
to the profiles laid over the wood samples (Figure 3). With the data for I and I0 it was possible
to determine the attenuation coefficient ! of the sample (cf. equation 1) and to subsequently
calculate the wood density along the line profile.
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Figure 3 Neutron radiographic image of spruce samples used for the analysis; on
the basis of 2mm wide profiles, the values for the transmitted beam I (black) and
the incident beam I0 (white) were ascertained
The data from the neutron radiographic analysis were subsequently compared with data
obtained from X-ray microdensitometry. Those measurements were carried out at WSL. The
X-ray images were produced with 12kV and 20mA and an exposure time of 88 min. After
developing the film, the X-ray images were evaluated with the microdensitometer Dendro
2003 (Eschbach et al. 1995). This generated density values from the grey-level values of the
image after a calibration with a step wedge. These density values were used for a comparative
evaluation of the neutron data. For this purpose the two data series obtained for a specific
sample with means of the described methods were joined and their course fitted manually
using the respective density maxima of the late wood areas as fixed points. This data set was
subsequently used to calculate the correlation coefficient r for the wood density ascertained
with neutron imaging and X-ray.

3. Results and Discussion
The results obtained from imaging with thermal neutrons tend to correlate closely with the
density allocations ascertained with X-ray densitometry (Figure 4) showing a high correlation
coefficient r of 0.96 (Figure 5). This correlation study was conducted with the two respective
density values determined for the individual measuring points within the sample. As the
results were ascertained in two independent measuring campaigns by two different research
groups, it was not possible to re-establish the exact location of all measuring points and thus
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the resulting density profiles had to be fitted manually in all conscience. Still the resulting
density profiles determined by using the two methods are mostly consistent with each other.

Figure 4 Section of density profiles ascertained with standard X-ray
microdensitometry (black) and by means of neutron imaging (grey). Both have
similar characteristics, although the neutron curve is slightly lower than the X-ray
curve.

Figure 5 The comparison of the wood density ascertained with X-ray
microdensitometry (X-axis) and neutron imaging (NI) (Y-axis) for the individual
measuring points of Fig. 4 shows a linear correlation (straight line); the
correlation coefficient r accounts for 0.96, the standard deviation ! for 31.97.
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Although the neutron curve is slightly beneath the X-ray curve it appears less noisy and
shows the structure more clearly. This is probably mainly due to the fact that the samples
were fixed directly on the detector, so that neutrons scattered by the sample and the paper on
which they were fixed led to the assumption of a slightly higher transmission than there really
was.
The two curves differed slightly in some parts and some of the amplitudes of the neutron
gradient appear higher than those from the X-ray data. It is possible that, in these areas of the
sample, different components are crucial for the attenuation with the two radiation forms, as
they have different interaction probabilities for the same elements, in particular for hydrogen.
As can be seen in Figure , the neutron curve is much smoother and appears less noisy than the
X-ray curve. This may be partly due to the higher resolution for the X-ray data, as the sensor
aperture had a width of just 10 !m whereas the pixel size in the neutron radiographs is 50 !m,
which might be reduced to 12.5 !m by the use of an improved IP-reader.
Another factor which might be responsible for some of the differences is that, while the
probing slit was always adjusted parallel to the tree ring borders for the X-rays, it was fixed
for the neutron images. As the tree rings were not always parallel aligned, and as the tree
rings had smaller radii towards the pith, some parts of the tree rings crossed the profile line
obliquely. This leads to a certain fuzziness in the tree-ring borders, making it moreover
difficult to align the peaks of the two curves. The latter was hampered by the fact that the
exact position of the X-ray measurement could not be entirely reconstructed.
The noisy appearance of the curve based on the X-ray data may also have been caused by the
fact that the geometry of the X-ray beam was not parallel but fan-shaped. This increases the
difficulties and possible sources of error considerably. With the neutron facility, however, this
was not a problem as it provides a virtually parallel neutron beam at the position of the
samples, which in turn decreases the noise. The parallel beam is due to the relatively large
distance between source and detector as well as the collimation.
Another factor which has to be taken into account in comparing the two methods is time.
Preparing the samples is equally time consuming for both methods and cannot be done
quicker without loss of quality. The greatest differences occur in the exposition time for
imaging. This period takes approximately 20s for neutron radiography, but 88min for the Xray. Additionally, it takes time to develop the X-ray film and to ascertain the density data
from the film with the densitometer. In contrast acquisition for neutron imaging is complete
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when the imaging plates are read with the IP-scanner, after which the extraction of the data
takes another 2 to 3 min. If a different detector system like a scintillator-CCD-camera system
is used, the whole acquisition procedure is finished by the end of the exposition time
(Schillinger et al. 2005). On the other hand this system shows a lower resolution than the
imaging plates. The result is in each case a digital image, which is then the base for further
analysis.

4. Conclusions
Neutron imaging is a practical method for determining wood density, and a good alternative
to standard X-ray methods. It has several advantages over conventional X-ray radiography,
which, in most cases, is still based on X-ray films. Due to higher attenuation coefficients for
the major elements, in particular hydrogen, constituting the wood structure, neutrons have a
greater sensitivity for wood than X-rays amounting to a whole order of magnitude. This
means that small samples can be examined more quickly. For comparable results with X-rays,
low voltages with long exposure times would be necessary. A further disadvantage of the Xray method is that it is still based on X-ray film, which means that additional time is needed to
develop the film and digitise the data, which means less samples can be tested within a day.
Moreover with X-ray film the optical density and effective wood density are nonlinear which
makes several corrections and calibrations with a step wedge necessary. The data from
neutron imaging on the other hand can be directly used for further analyses including to
determinate

the

wood

density

at

a

certain

point

in

the

sample.

Although neutron imaging has advantages, there are still some problems. The sensitivity of
the neutron beam is greater for the elements contained in wood, which means that the size of
the samples that can be examined in this way is limited. For larger samples scattering
correction may also be necessary. Another potential problem is the limited availability of
facilities where neutron-imaging experiments can be conducted. X-ray densitometry is,
however also not widespread, because the equipment is still expensive and there are only a
few institutes with the necessary equipment.
The costs of the respective experiments are not easy to specify. Neutron imaging can only be
conducted at few large scale research facilities, where experiments can be applied via research
proposals. These are usually cost-free, only commercial and industrial requests are charged
fixed tariffs.
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A compilation of the main features of the two methods can be seen in Table 2.
Table 2: Comparison of the main features of neutron imagining and X-ray microdensitometry
Neutron Imaging

X-ray microdensitometry

•

High sensitivity:
•
! shorter exposition time
! examination of smaller sample dimensions
possible (but at the same time constraint at
the upper limit)

•

Direct evaluation of the data due to exclusive
utilisation of digital detector systems

•

Few specialized facilities available (Neutron •
source with Radiography/Imaging station)

•

Costs at PSI:
- approved research proposals usually costfree
•
-

fixed tariffs for commercial or industrial
requests

Low sensitivity for wood components:
! long exposition times
! examination of big samples possible
(examination of small samples limited)

• standard X-ray microdensitometry based on Xray film ! additional calibration and
digitisation necessary
While standard X-ray equipment is very
common, the special X-ray microdensitometry
equipment is not thus availability scarcely
higher than for neutron imaging
Costs:
fixed tariffs according to the institutions
conducting the tests.

Despite these problems, neutron imaging is still a very useful investigative method for
examining properties of wood. Further testing would, therefore be appropriate. Thermal
neutrons provided satisfactory results for studying the small specimens examined here, but
low energetic neutrons would probably produce higher contrasts and would thus be more
suitable for tree ring analyses. Resolution might be enhanced by the utilisation of improved
detector-systems / -equipment like new IP-scanners with a readout pixel-size of 12.5 µm or a
microtomography-facility working with cold neutrons. Noise might be reduced and thus
reliability of the data increased by the implementation of scattering correction algorithms
based on Monte-Carlo-simulations.
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Abstract
Diffusion processes in samples of European beech (Fagus sylvatica L.) and Norway spruce
(Picea abies [L.] Karst.) were determined and quantified by means of neutron imaging (NI).
The experiments were carried out at the neutron imaging facility NEUTRA at the Paul
Scherrer Institute (PSI) in Villigen (Switzerland) using a thermal neutron spectrum.
NI is a non-destructive and non-invasive testing method with a very high sensitivity for
hydrogen and thus water. Within the scope of this study, diffusion processes in the
longitudinal direction were ascertained for solid wood samples exposed to a differentiating
climate (dry side / wet side). With NI it was possible to determine the local distribution and
consequently the total amount of water absorbed by the samples. The calculated values differ
scarcely from those ascertained by weighing (! 3%). The method yields profiles of the water
content over the whole sample, thus allowing the local and temporal resolution of diffusion
processes within the sample in the main transport direction (longitudinal). On the basis of
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these profiles, it was possible to calculate the diffusion coefficients along the fibre direction
according to Fick’s second law.

Introduction
Since all wood properties (e.g. mechanical properties, heat conductivity, etc.) depend to a
certain degree on the moisture content (MC), the interaction between wood and water is
crucial for the utilisation of wood and wood based composites. Wood-water relations thus
have long since been in the scope of many investigations (e.g. Skaar 1988; Wadsö 1994; Siau
1995; Koc et al. 2003; Olek et al. 2005; Frandsen et al. 2007). Conventional destructive
experimental methods applied in this context do not yield spatial information on water
distribution within an object (e.g. standard diffusion experiment with regular weighing) or are
of limited precision and their evidence is restricted to layers close to the surface (e.g.
measurements based on electrical conductivity).
Experimental assessment of moisture distribution and transport processes is particularly
difficult by destructive methods (Plagge et al. 2006). Non-destructive testing methods are
better suitable. Most frequently X-ray transmission measurements are applied. This approach
includes evaluating computed tomographies (CT) (Wiberg and Morén 1999; Alkan et al.
2007; Scheepers et al. 2007) and X-ray densitometry (Baettig et al. 2006; Cai 2008; Watanabe
et al. 2008). Nuclear magnetic resonance (NMR) is also a promising method in this context
(Merela et al. 2009).
Neutron imaging (NI) is a relatively new method, which has the same working principle as
the X-ray methods. NI seems to be particularly suitable for moisture-related investigations as
its sensitivity for hydrogen is considerably higher than that of X-ray photons (Lehmann et al.
2001a). Niemz et al. (2002) demonstrated the general suitability of NI for detecting moisture
in wooden corner joints.
The goal of the present work is to show the possibilities of NI as a tool for time-dependent
investigations on wood-water relations. The transport of moisture by diffusion in a differential
climate was quantified and localised by means of NI on samples of European beech (Fagus
sylvatica L.) and Norway spruce (Picea abies [L.] Karst.) over several hours. Diffusion
coefficients in the longitudinal direction were calculated based on the results obtained.
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Material and methods
The wood specimens were exposed to a differentiating climate (wet condition on one side, dry
condition on the other) and time-dependent experiments about the moisture movement were
performed. NI yields not only information on the quantity of the absorbed water but also on
its spatial distribution.

Material
Two cuboid samples from European beech (Fagus sylvatica L.) and Norway spruce (Picea
abies [L.] Karst.) with sizes of 5.0 x 6.4 x 2.0 cm3 and densities of 0.65 g!cm-3 and 0.38 g!cm3

, respectively, were tested. The oven-dry samples (dried at 103°C until weight constancy)

were isolated with aluminium tape on four sides, leaving only the opposite sides unsealed (the
radial-tangential planes), so that only the longitudinal diffusion direction was permitted. The
samples were then fixed on a box of acrylic glass filled with silica gel as the desiccating
agent. One unsealed surface of the samples was connected with the inner dry climate of the
box via rectangular openings in the lid, which were slightly smaller than the size of the
adjacent specimens. Gaps between box and specimen, as well as between box and lid, were
sealed with aluminium tape (Figure 1).

Figure 1 The samples were isolated on four sides with overlapping aluminiumtape and then fixed above openings on a box containing silica gel as dehydrating
agent; moisture uptake occurred exclusively over the cross-section, diffusion was
only possible in longitudinal direction; L, R, T = longitudinal, radial, tangential
direction.
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Methods
Experimental setup
The experiments were performed at the NI facility NEUTRA at the Paul Scherrer Institute
(PSI) in Villigen, Switzerland. This imaging beam-line is fed by the spallation neutron source
SINQ and operates with neutrons in a thermal spectrum (Lehmann et al. 2001b).
The climatic conditions around the samples had to be regulated during the experiments. For
this purpose, a climatic chamber was built, in which the specimens were placed during the
experiment (Figure 2). The chamber consisted of acrylic glass and had two neutrontransparent windows of plain glass. The climate was regulated with two basins filled with
demineralised water or saturated salt solutions (depending on the desired humidity), two
Peltier elements with cooling fins and two ventilators. Two sensors recorded the temperature
and relative humidity (RH). The climate reached during the actual experiment was 27°C at
86% RH.
The chamber was positioned in front of the neutron detector, which consisted of a scintillatorCCD-camera-system with a field of view of 130 mm. The scintillator (zinc sulfide doped with
lithium-6 as neutron absorbing agent) converts the neutron signal into visible light, which is
led via a mirror onto a cooled 16bit CCD camera (resolution: 1024 x 1024 pixels), which
registers the signal. The exposure time was 240 s per image. The conditioning of the chamber
was initiated while the samples were being prepared (i.e. isolation of the sides and fixing on
the box containing the silica gel) so that an almost stable climate in the chamber was attained,
when the samples were inserted. However, to position the samples within the chamber it had
to be opened, thus the air conditioning was interrupted for that period. After this, it took about
30 to 40 minutes for climate stabilisation.
To obtain a reference image of the dry samples, the experiment was started right after the
samples were placed into the climatic chamber. From then on, images were taken every 15
min over the period of 39 h. The conditions in the climatic chamber were only stable for the
first 8 h. Hence, only this part of the experiment was taken into account to determine the
water absorption.

4. Main investigations

Figure 2 General view (top) and sectional view (bottom) of the experimental
setup: the samples (A; compare Figure 1) are placed in the climatic chamber with
neutron transparent windows (B). The chamber is positioned between the
evacuated flight-tube (C) and the neutron detector; relative humidity and
temperature are regulated by basins filled with water (D) and peltier-elements
with cooling ribs (E). Ventilators (F) perturbed the air, while the climatic
conditions are registered with thermo-hygrometric sensors (G).
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General principle
NI is based on the intensity measurement of a neutron beam transmitted through an object,
thus integrating the objects properties in the direction of the beam. The intensity of the
transmitted beam I, can be described in a first order approach with the linear attenuation law:

I = I0 e"#$ z ,

(1)

where I0 is the intensity of the incident neutron beam, ! is the attenuation coefficient and z is

!

the thickness of the object in the beam direction (Figure 3).

Figure 3 Neutron radiation with the intensity I0 is sent onto the sample with the
thickness z, which was placed in a climatic chamber. The transmitted beam with
the intensity I is registered behind the sample by the neutron detector.

! is the main parameter describing the degree to which a material interacts and attenuates the
neutron beam. It is defined as the product of the microscopic cross section " and the atomic
density N:
"=# $ N

(2)

The microscopic cross-section ", represents the interaction probability of an element with the
!

incident radiation, while the atomic density N is defined as:
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"
# NA ,
A

(3)

where ! is the material density, A the atomic weight and NA is AVOGADRO’S constant. With

!

the attenuation coefficient ", it is thus possible to determine the density ! of a specimen if the
thickness is known. A detailed overview on the interactions between neutrons and wood and
the attenuation coefficients of wood for cold and thermal neutrons was given by Mannes et al.
(2009).
Eq. (1) applies for objects containing only one material. For compounds containing several
materials the attenuation is given by:
"

I = I0 e

% #i $ zi
i

,

(4)

where i sums all materials with their respective attenuation coefficient "i and layer thickness

!

zi. For the presented experiments, considering the tested specimens as time-dependent mixture
of wood structure and water, the transmitted beam can be described as

I (t) = I0 " e

# { $ w " z w (t ) + $ h " z h (t )

}

,

(5)

where w designates the attenuation coefficient and thickness of the wood layer and h

!

designates the attenuation coefficient and thickness of the water layer. In this context wood
and water layer have to be considered as discrete layers. The time-dependence shows in the
intensity of the transmitted signal I. It reflects the changes in the layer thicknesses of the
present materials, i.e. of wood and water. To separate the signal of the absorbed water from
the wood signal, the images were referenced to the initial state. The time-dependence is given
by:

zi (t ) = zi (t ref ) + !zi (t ) .

(6)

4. Main investigations

76

As a reference time, the start of the experiment was chosen, where the samples were assumed
to be absolutely dry, so that zh ( t ref ) = 0 .
The images were referenced by dividing the time-dependent images by the initial dry state,
!
yielding the changes between the images over time.
The wood component in eq. (5) can be assumed to be constant, despite the swelling. While
the thickness of the sample increases the atomic density of the wood (without water
molecules) diminishes; the overall number of “wood atoms” along the path of the neutrons
remains the same. With this and the presumption that no water is present in the reference
state, the amount of water can then be calculated as the change in the water layer with:
% I(t) ( 1
"zi ( t ) # "zh ( t ) = $ln ''
** +
& I ( t ref ) ) , h

!

(7)

Data evaluation
To evaluate the experimental data, the raw images were corrected with standard procedures
common to all transmission-based methods. One such procedure is the “dark current”
correction compensating the offset caused by the background noise of the CCD camera. The
other is the “flat field” correction, which equalises inhomogeneities in the beam and on the
scintillator screen. Furthermore, a median filter was applied on the image data to eliminate
“white spots” (the result of hits by !-particles on the CCD camera chip).
Neutrons are very susceptible to scattering, which can occur as “sample scattering” on the
atoms within the specimen or as “background scattering”, where neutrons are scattered by the
experimental facility. The neutrons, which are scattered on the detector are registered as an
additional signal and distort the recorded data. For a quantitative evaluation of the
experimental data, these scattering events were corrected by the scattering correction tool
QNI (Quantitative Neutron Imaging) developed by Hassanein (2006).
The corrected images were further evaluated. The images gathered in the course of the
experiment were referenced on the initial dry state: they were divided by the first image of the
experiment to separate the signals of wood and absorbed water along eq. (7). The resulting
referenced images represent the changes that had occurred in every pixel since the start of the
experiment (Figure 4). These changes comprise not only the absorbed water but also
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dimensional changes. The swelling induced by the water absorption caused a dislocation of
the sample edges. This made a direct quantification from the referenced images difficult and
for the area of the sample edges impossible.

Figure 4 Dry-referenced images of European Beech (left) and Norway Spruce
(right) samples. The water absorption from the wet climate (above the samples) is
visible as broadening band of darker grey. The black and white regions at the
sample edges show the dislocation of the edges due to swelling.
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The data had thus to be first retrieved from the images before they could be referenced. For
this purpose, a line profile with almost the whole sample width was laid over the entire
sample height (Figure 5). This profile yielded transmission values for every position in the
vertical direction, averaged over the whole profile width. By using these averaged data, the
noise was reduced and the signal smoothened. The dislocation of the edges was compensated
by synchronising the transmission data rows using the slope representing the upper edge of
the sample as fixed point. However, the edges show a slight blurriness as consequence to the
phenomenon of geometrical unsharpness making an exact synchronisation difficult (Lehmann
et al. 2007). The transmission values were subsequently converted to attenuation coefficients.

Figure 5 From the corrected neutron image, the data were retrieved with a profile
almost as wide as the sample (left hand side); horizontal lines were averaged
yielding a mean transmission profile over the whole height of the sample (right
hand side).
The reference curves, i.e. the profiles from the start of the experiment, where the samples
were presumed to be absolutely dry, showed conspicuous peaks towards the upper end of the
sample (circles in Figure 6). It was clear that the samples had already absorbed a certain
amount of water during the preparation and positioning of the sample. Thus the start of the
experiment did not correspond exactly to the start of the diffusion process and a temporal
offset of 0.25 h for spruce and 0.1 h for beech had to be added to the time line.
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Norway spruce

European beech

Figure 6 Vertical profiles of the attenuation coefficients over a spruce (top) and a
beech sample (bottom) during the diffusion experiment; the left side represents
the specimen’s lower part (toward the silica gel), the right part is the upper part
open to the wet climate (ca. 27°C at 86% RH); the samples had already absorbed
water until the start of the experiment (circles); for the determination of the
diffusion coefficient, only data between the vertical dashed lines were used; for
the determination of the sample’s total water content, the graphs were extended
along the most likely course (arrow).
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For the calculation of the diffusion coefficient D, only data from an area in the middle of the
samples were taken into account (sector between vertical lines in Figure 6). This area
corresponds to the penetration depths of the moisture at the start (right boundary) and the end
of the experiment (left boundary); data on the left of this region (toward the dry side) were
assumed to be zero and discarded because of the relatively high noise level; the right
boundary corresponds to the point in the sample, which was still dry in the reference image.
In addition, an attempt was made to calculate the total water content of the sample using data
over the entire range. To compensate the signal from the absorbed water on the right hand
side of the dry reference state the data from the adjacent dry area was extrapolated toward the
right edge, thus creating the most likely course of the attenuation coefficient values towards
the end of the sample (arrows in Figure 6).

Determination of the diffusion coefficient
One of the main parameters describing water transport by means of diffusion through a
material is the diffusion coefficient. The diffusion itself can be defined as molecular mass
flow resulting from the diffusing substance’s gradient of concentration (Siau 1995).
The evaluation of the NI data yielded the water content for every pixel within the images and
thus for each position within the sample. Based on these experimental results, it was possible
to approximate the 1-D moisture transport by means of the 2nd order linear partial differential
equation (PDE) of the diffusion, which corresponds to Fick’s second law:

"c " # " c &
=
%D
(
"t "x$ "x '

(8)

where c is the concentration, t the time, x the moisture transport direction (longitudinal) and D
!

the concentration dependent diffusion coefficient, given in eq. (9) according to Olek et al.
(2005):

D = D0 " e# " c

(9)

where D0 is the diffusion coefficient at initial concentration and ! a constant describing

!

moisture dependency.
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As described in the previous paragraph, the experimental data were cleaned of some boundary
distortions towards the upper edge of the samples. The initial MC in the experiment and the
calculation was assumed to be zero. To calculate the diffusion coefficient, the time was
adjusted by adding 0.25 h for spruce and 0.1 h for beech to the referenced data rows. Thus eq.
(8) could be solved with the conditions in eq. (10) for the dry and eq. (11) for the moist
boundary ! using a Matlab® solver algorithm for partial differential equations:

c ( x, t ) = 0

!

$ #c '
&"D ) = * + [c(x,t) " c, ]
% # x(

!

(x,t) " # x [0,t ]

(10)

(x,t) " # x [b,t ]

(11)

where ! is the surface emission!coefficient, c the equilibrium concentration and b represents
"

!

the height of the sample. Differences between the experimental results cexp and the results for
the solved PDE ccalc were characterised by an objective function S:
xn

tn

S = # # (c exp (x,t) " c calc (x,t))

2

(12)

i=1 j=1

where xn is the number of local measuring points within the calculation range (vertical lines in
!

Figure 6) and tn the number of time steps. Minimising S using a “Nelder-Mead simplex direct
search” optimisation algorithm, yielded the corresponding analysis parameters D0, #, ! and
c.
"

Results and Discussion
Total water content
The data from the last image (39 h) was used to verify the accuracy of the NI method. After
the last image was taken, the samples were removed from the box and weighed with a digital
balance. The difference between this weight and that of the start of the experiment gave the
total mass of the absorbed water. A comparison with the mass calculated from the last neutron
image is shown in Table 1. For both samples, the water contents determined with NI differ
scarcely from the gravimetric results. The differences of ca. 3% or less are considerably
smaller than the estimated measuring uncertainties that were calculated along the error
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propagation law. This can be due to a very conservative measuring error estimation, whereby
the uncertainties are overestimated.
Table 1: Mass of absorbed water after 39 h experiment time determined by weighing and
calculated from neutron imaging (NI); Rel. ! mass is the difference between these data. Rel.
! NI is the expected relative measuring uncertainty.
Mass determined by

Wood species

Mass difference

Weighing (g)

NI (g)

Rel. ! mass (%)

Rel. ! NI (%)

European beech
Fagus sylvatica

3.05

3.04

0.34

6.23

Norway spruce
Picea abies

1.74

1.68

3.23

10.90

As the results ascertained by NI correspond very well to those determined gravimetrically, it
was verified that the images made at different times during the measuring campaign contain
accurate information on the actual amount and location of absorbed water within the wood
sample.
The theoretically detectable minimum water content of the samples was calculated along eq.
(1) with the known attenuation coefficient of water for the thermal spectrum of NEUTRA.
The calculated minimum thickness of the water layer is 30 !m. This corresponds to moisture
content changes of 0.2% for the beech sample and 0.4% for spruce, which can be determined
with NI.
The total water content within the wood samples was calculated for the first 8 h and is
depicted in Figure 7. The experimentally determined mass of the absorbed water shows a
clear linear correlation with

t . The linearity could be expected for the first hours of

adsorption where the influence of the opposite, dry side of the specimen is negligible. The
fact that the linear regression cuts the y-axis in Figure 7 below zero was already described by
!
Crank (1956). This may be attributed to surface convection losses and compressive stresses
on the surface (Siau 1995).
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Figure 7 Mean total water content in the beech and spruce sample over the time.
Attenuation coefficient profiles
The total attenuation coefficients include both the attenuation by wood and by water. The
vertical profiles for the beech and the spruce sample are presented in Figure 6. The rapid
increase over the measuring period is conspicuous already in the unreferenced data. The
inhomogeneous profile with higher values in the centre of the sample, which already appear
in the curve for the dry initial state, may have several reasons. One could be due to an
inconsistent density distribution within the wood sample, which plays an important role.
However, the slight peak in the middle is at least partially caused by the isolating aluminium
tape. While the aluminium itself is transparent for neutrons, the adhesive, which contains
hydrogen, can attenuate the neutron beam to a certain degree. The accumulation in the middle
is due to the fact that several layers of tape had to be used as it was not as wide as the sample
height.

Water concentration and diffusion coefficient
The profiles of the volumetric water concentration were calculated on the basis of the dryreferenced data (Figure 8). As mentioned in the methods part, the differences between the
experimental results and the regression curves were minimised by an optimisation algorithm.
For the upper part towards the wet side, the fitted curves scarcely differ from the experimental
results. However, the experimental data towards the dry side lie clearly above the calculated
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values. This could be due to the assumption used for the calculation that the RH in this part of
the samples is 0%, while the actual value was higher.

Norway spruce

European beech

Figure 8 Vertical profiles (experimental results and the corresponding model
curves) of volumetric concentration of water over the position in the spruce (top)
and the beech sample (bottom) during the diffusion experiment; the left hand side
represents the specimen’s lower part (toward the silica gel), the right hand part is
the upper part open to the wet climate (ca. 27°C at 86% RH).
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Overall, the experimental results are still in good agreement with Fick’s second law. The
determined diffusion coefficients and the corresponding calculation parameters for diffusion
in longitudinal direction determined under unsteady state conditions for beech and spruce are
presented in Table 2.
Table 2: Determined parameters for diffusion in longitudinal direction (according to eq. 9 to
12); ! = oven-dry density, D0 = diffusion coefficient at initial concentration, " = surface
emission coefficient, c0 = initial concentration, c = equilibrium concentration and $ =
#

constant describing moisture dependency
Wood species
European beech
Fagus sylvatica
Norway spruce
Picea abies
European beech
(Olek et al. 2005)

!

D0

"

c0

c

(g cm-3)

(m2 h-1)

(m2 h-1)

(%vol)

(%vol)

0.65

2.19e-5

3.27e-3

0

13.78

-5.93e-2

0.38

2.75e-5

17.58e-3

0

5.32

2.66e-2

-

1.08e-5

1.61e-3

ca. 4.6

ca. 9.1

-1.74

#

$

Here, the results are compared to values determined by Olek et al. (2005), who used a similar
analysis approach for the determination of the diffusion coefficient in beech wood.
Differences between the literature values and the NI-results can be accounted to several
reasons:
- experimental data – the NI-data comprise information on location and time while the data of
Olek et al. depend only on time
- moisture boundary conditions – absolute values and influence of air flow (ventilators)
- sample thickness in diffusion direction – using only a single transport equation can yield
different results for varying thicknesses (Wadsö 1994)
More publications than under unsteady state conditions are available for the diffusion
coefficient determined under steady state conditions. An overview is listed in Table 3. These
values are clearly lower than the ones determined with NI under unsteady state conditions.
The differences can be attributed to the different experimental conditions and to the different
theoretical approach chosen for the calculation. For instance, Pfriem (2007) shows a
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difference of factor 10 between the diffusion coefficients determined under steady and
unsteady state conditions for spruce wood in tangential direction.
The approach presented in this article represents just one possibility for the evaluation of the
data ascertained by NI. Other approaches could for example be based on a multi-Fickian
model (Frandsen et al. 2007).
Table 3: Overview over several diffusion coefficients D in longitudinal direction determined
under steady state conditions; ! = oven-dry density, T = temperature, MC = moisture content.
Wood species

T

!
-3

MC

D
2

Author

(g cm )

(°C)

(%)

(m h-1)

0.50

28

7.5

1.26e-5

Siau 1995

0.40

23

4.5

9.40e-6*

Zillig et al. 2007

0.40

23

9.8

8.30e-6*

0.40

23

13.3

7.10e-6*

European beech
Fagus sylvatica

0.79

35

10.7

4.30e-6

Norway spruce
Picea abies

0.47

35

10.7

1.48e-5

Wood (physical model)

Norway spruce
Picea abies

Mouchot et al. 2006

* Determined from the water vapour resistance factor according to Siau (1995)

Conclusions
By means of NI, it was possible to quantify the water content within wood samples in a nondestructive way. In contrast to conventional methods, NI allows not only the time dependent
resolution of diffusion processes but also to localise the moisture distribution within the
specimen. Based on the NI data, it was possible to ascertain the moisture dependent diffusion
coefficients for beech and spruce in the longitudinal direction. Due to the high sensitivity of
NI for hydrogen, even small amounts of water (e.g. by absorption from air moisture) can be
detected and quantified. The quantitative resolution for the wood MC is in the order of 0.2%
for the beech sample and 0.4% for spruce.
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However, the presented investigation featured some difficulties. Due to the complexity of the
experiment and availability of measuring time at the NI-facility the number of samples was
restricted. The experiment can only be regarded as first test series, which has to be followed
by more extensive measuring campaigns with a higher number of samples. Further, during the
evaluation of the data, it was not possible to use the data from the sample edges. The dryreferencing was difficult in the edge areas due to geometrical unsharpness, swelling and the
fact that the diffusion process had already begun before the start of the experiment.
Nevertheless, NI is a method, which proved to be very suitable for investigations of woodwater related processes. It allows visualising moisture transport processes in wood and can
contribute to a better understanding of diffusion processes.
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Abstract
Computed tomography based on transmission measurements of penetrating ionising radiation
can be a powerful tool for the characterisation of wood and wood based materials. This
includes not only structural appraisal but also dynamic processes and interaction with
different substances (e.g. water, repellents, preservatives, adhesives, etc.). The different kinds
of radiation on which these tomography methods are based show large variations concerning
their respective sensitivity for the elements concerned and thus different fields of application:
(1) X-ray tomography can be used on a macroscopic level, where wooden objects of several
tens of centimetres can be examined, while (2) synchrotron radiation can be used for
microscopic investigations down to the cell wall level. (3) Imaging with thermal and cold
neutrons with their high sensitivity towards light elements such as hydrogen on the other hand
is thus particularly suitable for investigations on the interactions between wood and
hydrogenous substances (water, adhesive,…). In the presented work, tomographic methods
based on the three named radiation types will be characterised with regards to their
application area on practical examples ascertained at the facilities of the Paul Scherrer Institut
Villigen (Switzerland).
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Introduction
Computed tomography (CT) is a method producing virtual cross-sectional images of the inner
structure of an object. These are based in most cases on transmission images of the aforesaid
object made from different projections. The method itself is based on the theoretical works by
Radon in 1917 (Brooks and Di Chiro 1975). As practical method, CT was developed in the
1960s by Cormack (1963) and Hounsfield (1980) for medical diagnostics using X-ray for the
acquisition of the raw images and has become a widespread standard method in numerous
fields like material research, archaeology, engineering, etc. A short overview on the utilisation
of CT in the field of wood research is given by Bucur (2003).
Wood as a natural and organic material has a complex structure which is very distinctive over
several hierarchical levels, from the inner composition of the cell wall on a submicro or even
nanolevel, over the structure of the cells in the plant tissue on a microscopic level to the
alignment of different tissues (parenchyma, late / spring wood) on a macroscopic level.
For many problems dealing either with the inner structure or processes within the timber an
appropriate investigation can only be conducted in the undisturbed / uninfluenced material.
Computed tomography based on ionising radiation can be an appropriate method for nondestructive investigation of wood.
In this work tomography on different scale levels will be presented using the facilities
(standard X-ray, neutron and synchrotron radiation) available at the Paul-Scherrer-Institut
(PSI) in Villigen, CH.

Material and Methods
Experimental setup
The common point of all experiments was the basic setup principle. Radiation is led from a
well defined source on a specimen, which is positioned on a turning table. Behind the sample
a detector is registrating the transmitted part of the beam distribution.The detector-system
used was very similar in all three cases. The system consists of a scintillator, which converts
the incoming radiation into visible light, which is then reflected by a mirror via a lens system
on a CCD-camera (Figure 1). The scintillators differ only in the material, which is used as an
absorbing agent for the respective radiation. The basic setup of such a scintillator CCD-
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camera system was described by Pleinert et al (1997).

Figure 1 Basic experimental setup; radiation is led from the source in a parallel
beam on the sample positioned on a turning table; the transmitted beam is
registered by a detector consisting of a scintillator, a mirror and a CCD-Camera;
the raw data are transmitted to a computer performing the 3D reconstruction
The other common point of the methods presented in this work is the general working
principle of computed tomography (CT). The presented examples were produced on basis of
attenuation-based transmission images from an object made from different viewing angles
using a parallel beam. As a rule, these projections were made over an area of 180°. The
images are subsequently used for the reconstruction of tomograms, which is usually done
with standard software tools, like Octopus (XRayLab, B (http://www.xraylab.com/)), which
was used for the reconstruction of the data from the X-ray and neutron tomography. The
reconstruction of the synchrotron data was done with software developed at PSI especially for
the used tomography-beamline at the “Swiss Light Source”.
The main difference between the three employed methods is the radiation used to generate the
transmission

images

and

the

materials

used

for

the

detectors.

Synchrotron radiation forms, e.g. when electrons are forced by magnetic fields to deviate
from their flight direction, as it is the case in ring accelerators. This force, which acts on the
electron induces an emission of electromagnetic radiation, the synchrotron light.
X-rays are produced by the deceleration of electrons. Here electrons are first accelerated from
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a cathode on an anode where they are strongly decelerated, which causes anew the emission
of electromagnetic radiation in from of X-rays.
Neutron radiation, which was used for the present investigation was produced within the
spallation neutron source SINQ (Bauer 1998). Protons are accelerated and led onto a heavy
metal target. The collision of the protons with nuclei within the target causes the spallation of
neutrons. The resulting high energy neutrons have to be slowed down through moderation in a
tank filled with heavy water to thermal and cold neutrons.
The X-ray tomography was conducted at the NEUTRA-beamline dedicated to experiments
with thermal neutrons, which is also equipped with an X-ray tube, which can be positioned at
the start of the outer collimator using with exception of the source position the same
experimental setup as described in Lehmann et al. (1999). For the presented tomography a
voltage of 80 kV, current of 45mA and an exposure time of 5s were used. 401 images were
made over 180°. The scintillator used in the detector system was 300 !m gadox-scintillator.
For the tomography with cold neutrons at the ICON-beamline the micro-tomography-setup
described in Lehmann et al. (2007) was used, which yields a nominal pixel size of 13.5!m
resulting in an actual resolution of 30 to 50 !m depending on the used scintillator thickness
and material. The exposure time was 50s and 451 projections were made over 180°. As
scintillator a 50 !m LiF-scintillator was used.
The tomography with synchroton radiation was performed at the TOMCAT-beamline of the
Swiss Light Source (SLS) (Stampanoni et al. 2007). The beam energy was controlled with a
double-crystal-monochromator to an energy of 8keV. For the tomography a total of 1501
projections were made over 180°. The Field of view was 1.43 x 1.43 mm resulting in a
nominal pixel size of 0.7 !m using a YAG:Ce 20 !m scintillator.
An overview on the experimental setups can be found in Table 1.
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Table 1: Overview of the experimental setup used at the different beamlines.
Facility

Beam property /
energy

Exposure
time

Number of
projections

Field of
View

CCDCamera

Nominal
pixel size

401

27cm

1024 x 1024

275 !m

X-TRA at
NEUTRA

X-ray with up to
80 kV
(full spectrum)

5s

ICON

Cold neutrons with
energy between
4meV and 0.5meV
(full spectrum)

50 s

Synchrotron
radiation with 8keV
(mono-ergetic)

700 ms

TOMCAT

pixel (16bit)
451

27mm

2048 x 2048

13.5 !m

pixel (16bit)
1501

1.5mm /
3.5mm

2048 x 2048

0.75 !m /
1.5 !m

pixel (14bit)

General principle of transmission imaging
Transmission images represent shadow images of an object within the beam. Depending on
the constitution and composition of the object the beam is attenuated to a certain degree. The
relationship between the incident beam and the transmitted one and thus to a certain degree
weakened beam intensity complies in first order with the exponential attenuation law and can
be described as follows:
I = I 0 ! e # "!d

(1)

Where:
I0 = incident intensity of the neutron beam [grey levels]
I = transmitted intensity of the neutron beam [grey levels]
" = attenuation coefficient [cm-1]
d = sample thickness [cm]

This relationship is the same independent of the radiation type and differs only in the
denomination of the attenuation coefficient or macroscopic cross-section, which is usually
labelled " for neutrons and µ for interactions with X-ray photons.
Based on equation (1), the attenuation coefficient " can be calculated by:

I0
)
I
d

ln(
!=

[cm-1]

(2)

The attenuation coefficient or macroscopic cross-section is the parameter which describes the
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probability of interaction between the beam and the irradiated material. This comprises
scattering of the particles by the atoms within the material as well as the absorption of the
particles. Thus exponential attenuation law (cf. equation 1) complies only in first order
especially if materials with high scattering ability are involved. This necessitates the
implementation of correction methods if a quantitative evaluation is needed (cf. Hassanein et
al. 2006).
The attenuation coefficient is also the parameter in which the presented methods vary. This is
on one hand caused by the different interaction of the beam with the atoms within the
specimen. While X-ray photons interact with the electrons within the electron shells of the
atoms the neutrons interact with the nuclei of the present atoms. As a consequence the
attenuation coefficient of X-ray for different elements is strongly correlated to the atomic
number of the elements within the periodic system and thus increasing with higher atomic
numbers. The attenuation coefficient of neutrons shows no clear correlation but is very high
for some light elements like hydrogen and very low for heavier elements like lead.
Furthermore the attenuation coefficient is also depending on the energy of the radiation. It
hence shows as a general rule higher values for lower energies of the same radiation type,
being e.g. conspicuously higher for cold neutrons than for the higher energetic thermal
neutrons.

Working area / range
The attenuation coefficient for beech wood for the different radiation types diverges varies
considerable with values of !S = 4.6 cm-1 for synchrotron radiation, "C = 1.5 cm-1 for cold
neutrons, "T = 1 cm-1 for thermal neutrons and !X = 0.1 cm-1 for X-ray (with 160 kV). This
divergence between the attenuation coefficients necessitates the definition of a working range
for each method. The working range meaning the dimensional limits of a specimen, which
have to be adhered to ascertain that the experiment can be conducted properly, depends on the
attenuation

coefficient

and

the

sensitivity

of

the

utilised

detector-system.

To be distinguishable as a proper signal it must differ at least one noise level from the upper
and lower limit of the dynamic range of the detector (e.g. 16bit = 65536 grey levels). For the
presented detector-systems a noise level of #I = 2% was assumed and the upper and lower
limits of the detectable attenuation were calculated under consideration of equation (1):
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lowest detectable attenuation

(! *d ) min = ln(

I0
100
) = ln(
) = ln(1.02) = 0.02
I
98

(3)

highest detectable attenuation:

(! *d ) max = ln(

I0
100
) = ln(
) = ln(50) = 3.91
I
2

(4)

With the attenuation coefficients derived from transmission images the minimal and maximal
thickness for a specimen which can be examined with the different methods can now be
calculated:
Minimal detectable specimen thickness:
d min =

0.02
!

Maximal detectable specimen thickness:
d max =

3.91
!

The resulting working areas cover 4 orders of magnitude from approximately 40 !m (for
synchrotron radiation (8 keV) to 40 cm (X-ray with 160 kV) (Figure 2).

Figure 2 Working range for X-ray (160 kV) (black), thermal neutrons (grey), cold
neutrons (light grey) and synchrotron radiation (8keV) (white) for beech wood on
a logarithmic scale.
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Material / sample preparation
X-ray
For the X-ray tomography a wedge shaped section of Norway spruce (Picea abies) with wood
defects visible on the surface was used. The sample was sawn of a log segment in order to
obtain a section featuring wood from the core to the bark as well as knots and wood defects.
The specimen was sized ca. 20cm for the radial surfaces, a height of 20 cm and a wedge angle
of ca. 60°.
Cold neutrons
For the tomography with cold neutrons two rectangular specimens were used. One was oak
wood (Quercus spec.) with dimensions of 10 x 10 x 30 mm the other was a specimen
composed of two beech wood parts joined with a 1K-PUR adhesive with similar dimensions
than the oak sample.
Synchrotron
For the micro-tomography at the synchrotron radiation source a turning lathe was used to
prepare cylindrical specimens with a radius of 1 and 3 mm and a height of 10 to 15 mm from
bigger beech wood (Fagus sylvatica) cubes.
The samples used for the three experiments were conditioned before the tests in room climate
to prevent dimensional changes during the measurements due to moisture variances.

Results
X-ray
In the 3D reconstruction of the wedge shaped spruce wood section certain bigger features can
be distinguished, like an occlusion in the inner third of the cross section. Alongside a resin
pocket and a small knot can be observed at the same height as the occlusion. The tree ring
structure can only be clearly distinguished in the inner part of the cross-section, where the size
of the annual rings is higher and principally due to higher density variations between spring
and late wood. In the outer part beyond the resin pocket the tree ring structure can scarcely be
delimited.
The features, which are discernable in the X-ray tomography are on a macroscopic level and
are comparable to what could be seen with the bare eye (Figure 3) but the virtual slices can be
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observed at arbitrary positions.
Within the reconstructed model of the wedge shaped spruce wood section an occlusion is
visible in the inner third of the cross section (Figure 4). At the same height within the
specimen also a resin pocket and a small knot starting almost in the core are discernable. The
three-dimensional reconstruction makes it possible to ascertain the constitution of the
occlusion as well as the extension of the resin pocket in the axial direction (Figure 5).
This lack of resolution is on one hand due to the relative low sensitivity of X-ray for wood
and on the other hand on the size of the field of view, which is necessary to fit a specimen of
a certain size. The size of the field of view determines the pixel size, within the projections.
The pixel size could be reduced by the utilization of a smaller field-of-view and the sensitivity
of the X-ray might be enhanced by lower energies. This would on the other hand mean, that
only smaller specimens could be examined, although the possibility to use relatively big
specimens is one of the advantages of X-ray tomography. Furthermore it is easily available in
comparison to the other two methods.
Possible applications comprise the investigation of real size objects and valuables (e.g.
antique wood instruments, statues, etc.) as well as the classification of raw material for the
production of wood based materials.

Figure 3 3D rendered view (X-ray CT) of a wedge-shaped spruce specimen. The
grey levels correspond to the varying attenuation within different parts of the
object.
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Figure 4 Reconstructed X-ray tomogram through a spruce wood sample; at the
limit of the inner third an occlusion is visible as well as a resin pocket further to
the bark.

Figure 5 Reconstructed radial X-ray slice through a spruce wood sample; the
extension in axial direction of an occlusion as well as of a resin pocket can be
seen; also small knot starting from the core and ending after few centimetres is
visible.

98

4. Main investigations

99

Neutron radiography
Oak wood specimen
The tomography of the oak sample made with cold neutrons is on an intermediate scale-level,
going beyond the macroscopic level and almost reaching a microscopic level. Features, which
are discernable comprise the big spring wood vessels as well as medium sized and small
vessels. Denser areas containing mainly fibres can be distinguished from less dense tracheidal
zones

around

the

vessels.

The

big

wood

rays

are

visible

as

well.

The rendered 3D-model allows the determination of the vessel pathway and linkage in axial
direction (Figure 6 & 7). With the exception of the vessels individual cells or other
microscopic features cannot be observed.

Figure 6 Tomogram accomplished with cold neutrons made of an oak sample;
water conducting areas can easily be distinguished from fibre tissue and wood
rays.
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Figure 7 Rendered 3D model of the neutron tomography showing the axial
distribution of the different tissues.
Adhesive joint
Although the limitations of the individual annual rings are clearly visible in tomogram of the
beech sample glued with PUR-adhesive it is not possible to discern single vessels within the
tissue so that it more or less remains on o macroscopic level. On the other hand wood rays as
well as the adhesive joint can be observed. (Figure 8).
Besides these anatomic details the most conspicuous feature is the adhesive joint. The
distribution and allocation of the PUR-adhesive can be discerned between the two wood
halves. The good distinguishability is due to the high content of hydrogen within the adhesive
for

which

neutrons

are

more

sensitive

than

the

other

two

methods.

Thus the interaction with hydrogenous substances as adhesive, resins, coatings or water
represents one of the main applications of the method. Currently a project deals with the
penetration behaviour of various adhesives using the different methods.
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Figure 8 Neutron tomogram through a beech wood sample with a 1K-PUR
adhesive joint; the glue line is obvious as neutrons highly sensitive for hydrogen.

Synchrotron radiation
In the micro-tomography of the beech sample even microscopical features are visible.
Alongside the relatively large vessels and wood rays individual fibres can be discerned to
their cell wall level (Figure 9). The rendered 3D-modell shows also features within the cell
wall namely pits between vessels and fibres respectively other vessels (Figure 10) as well as
the joints between vessel elements (Figure 11). The cell wall itself appears homogenous and
hence the individual cell wall layers are not discernable. A possible approach to make
structures within the cell wall perceptible might either be the utilisation of the phase-contrast
phenomenon or a smaller field-of-view implying also optics with higher magnification. These
options are already available at the TOMCAT-beamline but were not employed in the
presented measuring campaign.
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Figure 9 Reconstructed cross-section through a beech specimen (diameter 1mm);
vessels and wood rays can be seen embedded in the fibre tissue. In the outer area
of the specimen damage caused by machining during sample preparation.

Figure 10 Rendered 3D view of a beech sample. Individual fibres can discerned
as well as connecting pits in the vessel walls.
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Figure 11 Virtual tangential view inside the beech sample. Pits and the joints
between the vessel elements can be seen.

Conclusion
Every of the presented methods has its proper application fields and specific limitations. It is
thus important to determine the right method to attain the goals of the respective research
project even though the methods show a certain overlap for the working area (specimen size).
X-ray tomography is applicable within a wide range of applications, making investigations of
big samples up to several dm possible. The investigation of smaller objects is however limited
by its sensitivity for wood. The sensitivity can indeed be improved by the utilisation of lower
energies, which would on the other hand result in longer exposure times. This is on the other
hand always depending on the limitations of the specific X-ray tube and experimental setup
(e.g. collimator windows, etc.) .The main working area still will be on a macroscopic level.
Tomography using cold neutrons is well suited to make investigations on an intermediate
scale close to a microscopic level. It yields good results on structural features but its strong
point would be in the localisation and possible quantification of hydrogenous substances like
adhesives, varnish or water within the sample. This fact is due to its high sensitivity for
hydrogen, which on the other hand limits the specimens to a size of few cm.
The micro-tomography using synchrotron-radiation goes further and is really on a
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microscopic level, providing information on microscopic details like pits, certain cell wall
features, etc. With this method highly resolved images can be obtained on a microscopical
level almost comparable toe SEM-images concerning their quality but on a non-destructive
way (if the sample preparation is not taken into consideration). Still this method is limited to
sample sizes of less than 1 cm and a certain effort for the sample preparation has to be
accepted.
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Abstract
Possible applications for synchrotron radiation tomographic microscopy in the field of wood
research were tested and evaluated at the TOMCAT-beamline (TOmographic Microscopy and
Coherent rAdiology experimenTs) at the Swiss Light Source (SLS) at the Paul-ScherrerInstitute (Villigen, CH). For this study, small cylindrical samples (! 1 and 3 mm) were
examined with different experimental setups resulting in a nominal voxel size of ca. 1.48 x
1.48 x 1.48 !m3 and 3.7 x 3.7 x 3.7 !m3 respectively. Suitability of the TOMCAT microscope
for 3D investigations of wood anatomy was tested on several softwood and hardwood species
revealing microscopic features (e.g. tyloses, wall thickenings or pits) down to the nominal
pixel size. The results suggest that even features in the sub-voxel range can be made visible.
Tomographic microscopy was also tested for wood technological applications, i.e. penetration
behaviour of a wood preservative and also of 3 wood adhesives (poly-urethane resins) with
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different viscosities. Although the experiments with the preservative yielded no clear results,
the method seems suitable for examining the penetration of the different adhesives. The
adhesive penetrates the wood mainly by the vessels where it can be easily discerned from the
wood structure.

Keywords: Synchrotron, Microtomography, wood, microstructure

1.

Introduction

Wood is a natural, organic material with a complex structure, which is very distinctive over
several hierarchical levels: from the macroscopic (e.g. annual ring structure) over the
mesoscopic (alignment of different tissues) and microscopic (e.g. cell features) down to the
submicroscopic level (e.g. cellulose-fibrils). Wood properties depend on its anatomical
features on the different hierarchical levels. This study focuses on the microscopic level,
evaluating synchrotron radiation micro computer tomography (SR!CT) as an alternative nondestructive method to standard microscopy in the field of wood research. For investigations
on this level, classic methods like light or electron microscopy imply the partial destruction of
the sample, always bearing the risk of preparation artefacts. Moreover, these methods only
yield 2D information of a certain area. There have been attempts to extend these methods to
3D by using confocal laser scanning microscopes (CLSM) (Knebel and Schnepf 1991) or by
producing serial sections of a sample and scrutinising them with a light microscope (Dodd
1948). But these approaches necessitate either a very complicate, time-consuming and errorprone sample preparation in the case of serial sections or allow only a restricted inside view
with a depth of generally less than 200 !m in the case of CLSM (Donaldson and Lausberg
1998; Kitin et al. 2003; Kitin et al 2004).
One way to avoid these issues can be the utilisation of non-destructive testing methods. Bucur
(2003a,b) gives a general overview on this subject. For investigations on the microscopic
level, computed tomography using ionizing radiation seems the most promising way. While !rays (with a spatial resolution in the mm-range) can be used to characterise the wood density
only on the macroscopic level (e.g., Macedo et al. 2002) and as the handling of radioactive
sources can be problematic, neutron and X-ray radiation seem more appropriate. Neutron
tomography shows a very high contrast for hydrogen. It is thus particularly suited for
investigations on the interaction of wood with other hydrogen-containing materials like
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adhesives, preservatives, coatings or water (Niemz et al. 2004). Due to the resolution of 30 to
50 !m, this method is on the edge between the mesoscopic and microscopic level (Mannes et
al. 2007).
With X-rays, the microscopic level can be reached as shown by Steppe et al. (2004) who
studied anatomical wood features non-invasively using a micro-focus X-ray tube. Van den
Bulcke et al. (2008) used a similar setup with a nano-focus X-ray tube, which allowed them to
analyse infested wood down to a voxel size around 1 !m.
A better contrast and even higher resolution can be achieved using synchrotron light. A
synchrotron source, like the Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI) in
Villigen (CH), yields electromagnetic radiation, e.g. X-rays, characterized by a much higher
brilliance, which allows investigations in ever smaller orders of magnitude.
Trtik et al. (2007) showed the applicability of SR!CT in “phase-contrast mode” for the 3D
imaging of spruce wood, achieving a nominal voxel size of 0.7 x 0.7 x 0.7 !m3 allowing the
resolution of structures down to approximately 1.5 !m. The “phase-contrast mode” (Groso et
al. 2006) uses the phase shift of the beam caused by refraction in the sample, which enhances
the contrast and can be advantageous if materials with low absorption contrast are examined.
Since the mentioned investigations of Trtik et al. (2007), a new beam-line dedicated to
tomographic microscopy, named TOMCAT (TOmographic Microscopy and Coherent
rAdiology experimenTs) (Stampanoni et al., 2007), was built at the SLS, which allows 3Dimaging experiments either in traditional absorption based or phase-contrast mode.
The presented work was conceived to continue the SR!CT experiments on wood using the
new TOMCAT beamline. The aim of this study was to evaluate the suitability of the method
for different topics within the field of wood research using absorption-based tomography. For
this purpose, a variety of different samples was selected to cover a wide range of possible
applications, including investigations on microscopic wood features as well as wood
technological questions like the penetration behaviour of adhesives.
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Experimental
2.1 Materials

In order to minimise the risk of artefacts during the reconstruction of the tomography data, a
cylindrical specimen shape was chosen (! 1 or 3 mm; length 10 to 15 mm). The samples
were produced using a metal turning lathe.
Before and after the machining as well as before the experiment itself, the samples were
stored in ambient room climate (ca. 20°C/40-50%RH), which was the same as during data
acquisition. In this way, possible changes of the moisture content resulting in swelling or
shrinkage during the measurement were avoided, ensuring high quality results.
For the first part of the experiment, where the suitability of the TOMCAT microscope for
studying anatomical wood features was to be evaluated, untreated specimens of three
softwoods and two hardwoods were selected (cf. Table 1). The chosen wood samples
guaranteed a relatively broad variety of species (with beech and spruce being the most
common in Europe).
Table 1: Overview of the samples used in the experiments
Category

Microscopic
wood anatomy

Water repellent

Wood adhesive

! (mm)
Wood species
European beech
1
3
(Fagus sylvatica)
Oak
3
(Quercus spec.)
Norway spruce
1
3
(Picea abies)
Scots pine
3
(Pinus silvestris)
Common yew
1
(Taxus baccata)
Norway spruce
3
3
(Picea abies)
European beech
3
3
(Fagus sylvatica)
3
European beech
3
(Fagus sylvatica)
3

remarks

penetration in fibre direction
penetration perpendicular to the fibre direction
penetration in fibre direction
penetration perpendicular to the fibre direction
PUR A (low viscosity)
PUR B (medium viscosity)
PUR A (high viscosity)

In the second part of the investigations, more technological issues were studied. In a first step,
the penetration behaviour of a wood preservative (containing Ag-nano-particles, Nano-Perl®
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as main agent) in and perpendicular to the fibre direction was scrutinized. For this purpose,
spruce and beech cubes (5 x 5 x 5 cm3) were pressure impregnated with the agent and the
cylindrical samples were produced from the said cubes (cf. Table 1).
The last part of the investigation had its focus on the penetration behaviour of wood
adhesives. Beech wood samples had been glued beforehand with different poly-urethane
resins (PUR) showing varying viscosities. In the finished samples the glue line was oriented
central along the axes dividing the specimen in two half cylinders.

2.2 Method
Computed tomography is a method using information about an object obtained from different
angles to produce virtual cross-sectional images of the object’s inner structure.
In the present study, tomography was based on transmission images, which are shadow
images of an examined object. This object attenuates the beam either by absorption or by
scattering depending on its elemental composition and inner constitution. The correlation
between incident/transmitted beam intensity and the material properties can be described in a
first order approach by the linear attenuation law:

I = I 0 " e# µ " x

(1)

where I is the intensity of the transmitted beam, I0 is the intensity of the incident beam, ! is

!

the attenuation coefficient or macroscopic cross-section of the materials and x is the specimen
thickness. The attenuation coefficient is the main value, which describes the degree to which a
sample or material attenuates the incident beam. The attenuation coefficient for X-ray
depends on the density as well as on the elemental composition. The interaction probability of
X-ray photons with atoms of different elements is strongly correlated to the atomic number of
the participating elements. For most wood species the elemental composition of wood is
almost identical (C !50%weight, O !44%weight, H !6%weight). As these are elements with small
atomic numbers, their interaction probability is correspondingly small, which necessitates the
utilisation of relatively low beam energies for investigations. An overview of the attenuation
coefficients of these elements for different energy levels is given in Figure 1 (data based on
Hubbell and Seltzer, 2004). The attenuation of wood in the utilised energy range results
mainly from the content of O and C, while H is almost negligible.
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On the basis of equation 1, the attenuation coefficient can be calculated from single
transmission images, summarising the interaction of radiation and matter along the way of the
beam through the examined object. Thus the attenuation coefficient is also found in computed
tomography, which uses a multitude of transmission images to produce virtual cross-sections
of an object. The resulting cross-section image can be regarded as a map of the attenuation
coefficients in the respective slice yielding thus information on the material properties for
every pixel in the image.

Figure 1 The theoretical linear attenuation coefficient of wood and its three main
elemental components carbon, oxygen and hydrogen (proportion taken into
account) over the X-ray energy (note the double logarithmic scale) (after Hubbell
and Seltzer 2004); the emphasized points mark the two energy levels, which were
used in the presented investigations.
Experimental conditions
The experiments were performed at the TOMCAT beamline at the SLS (Stampanoni et al.
2007). The beamline is fed by a 2.9 T superbend with a critical energy of 11.1 keV. The
energy used for the experiments can be selected with a Double Crystal Multilayer
Monochromator within a range from 8 to 45 keV. The detector system consists of a
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scintillator-CCD-camera system. The used YAG:Ce 20 !m scintillator converts the X-ray
photons into visible light projected on a 14bit-CCD-camera with 2048x2048 pixels via optical
objectives.
Tomograms were acquired at 12 keV for samples with a diameter of 3 mm and at 8 keV for
samples with a diameter of 1 mm. In every tomography run, 1501 projections were collected
over 180°. The distance to the detector was only few millimetres as the sample manipulator
was moved to the scintillator as closely as possible. The field of view was adjusted to the
respective sample size (3.7 x 3.7 mm2 for the 3 mm and 1.5 x 1.5 mm2 for the 1 mm
specimens). The images were binned resulting in an effective nominal pixel size of 3.7 x 3.7
!m2 and 1.48 x 1.48 !m2 and an exposure time of 300 and 720 ms, respectively. To correct
possible inhomogeneities of the scintillator or fluctuations of the beam, every 50 projections
the sample was moved outside the field of view and two flat-field images were acquired.
Table 2 gives an overview of the experimental setups.
Table 2 Experimental conditions at TOMCAT during the experiments.
sample
diameter (mm)

beam energy
(keV)

1
3

8
12

scintillator
YAG:Ce 20 µm

field of view
(mm)

pixel size (µm)

exposure time
(ms)

number of
projections

1.5 x 1.5
3.7 x 3.7

1.48 x 1.48
3.7 x 3.7

720
!300

1501

Data reconstruction and evaluation
The tomography data were reconstructed with a software based on a Filtered-Back-Projection
algorithm. The resulting data consist of stacks of cross-sectional slices stored as unsigned
16bit TIFF files.
The reconstructed images were analysed and visualised with the standard software packages
ImageJ and VGStudioMax .
!

3.

Results and Discussion
Anatomical features

Samples of three softwood and two hardwood species were studied with regard to the
anatomical features discernible in the resulting tomography data (2D slices through the
sample and a rendered visualisation of the 3D volume data set). The samples with a diameter
of 3 mm and lower spatial resolution (oak and Scots pine) will be presented first, and the
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smaller samples with higher resolution second. For the species with two sample sizes (beech
and Norway spruce), only the results of the smaller specimen and higher magnification will
be presented.

Oak (Quercus spec.)
The examined 3 mm oak specimen had, as given by the detector characteristics, a nominal
voxel size of 3.7 x 3.7 x 3.7 !m3. In the cross-section , the different cell types like spring and
latewood vessels are as clearly discernable as fibres and parenchyma cells (Figure 2).

Figure 2 Cross-section through the reconstructed tomography data of an oak
specimen (Quercus spec.) (! 3 mm). The different cell types (vessels, fibres,
parenchyma, etc.) are clearly discernable as well as the tyloses within the vessels
(arrows).
The vessels are filled with tyloses (apparent thickness: 1 pixel, which corresponds to 3.7 !m,
Figure 3). While their thickness remains relatively stable, their greyscale level, which
corresponds to the attenuation coefficient of the material, differs considerably throughout the
data set. According to Williams (1942), the thickness of tyloses in American oak species
varies from < 2 to > 5 !m. Some tyloses within the specimen are probably less thick than the
nominal voxel size of the tomography data. The different greyscale levels suggest that it is
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possible to discern between thick- and thin-walled tyloses as it is unlikely that their
attenuation coefficient and thus their elemental composition varies to such a degree.

Figure 3 Tangential slice through the reconstructed tomography data set of an oak
wood sample; the tyloses show thicknesses of 3.7 !m, which represents the
nominal pixel size of the experimental setup for this sample.

Figure 4 Rendered 3D-view on the tomography data of oak wood, showing a
tangential section through the specimen; prominent are the big spring vessels
filled with tyloses.
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The three-dimensional disposition becomes visible after rendering the tomography data with a
suitable software (Figure 4). The polygonal shape of the tyloses can be made visible at an
arbitrary position within the sample without risking possible artefacts (e.g. sectioning of
microscopic samples).
The results for the oak specimen are promising especially since even structures smaller than
the actual voxel size can obviously be resolved. Higher resolution could be obtained using a
smaller field of view and smaller specimens, which we did not attempt. As the specimen
should contain a whole annual ring, very narrow ringed oak wood was chosen. As spring
vessels can be 300 to 400 !m in diameter, preparing a smaller specimen using a turning lathe
was estimated to be impossible. An alternative preparation was described by Trtik et al.
(2007), who produced prism-shaped spruce samples with a cross-sectional size of 200 !m x
200 !m and a length of several mm using a standard microtome. Another option might be
local tomography, where a setup with a small field of view is used to investigate a limited
section within a bigger sample (with a size larger than the actual field of view). This method
would nevertheless have disadvantages such as lower quality and artefacts in the outer region
of the reconstructed data.

Scots pine (Pinus silvestris)
The cross-section of the pine sample (! 3 mm) shows a very narrow tree ring structure with
several annual rings as well as a couple of filled and unfilled resin channels (Figure 5). A
closer look at a radial section (Figure 6) shows the typical microscopic features of Scots pine:
the big window-like pits connecting ray parenchyma cells and tracheids, and ray tracheids
with their dentate walls on the upper and lower boundaries of the wood ray. Altough the size
of these features (pits width 10 to 30 !m; length of dentate structures ca. 10 !m) is
considerably bigger than the nominal voxel size (3.7 x. 3.7 x 3.7 !m3), they remain blurry.
Smaller features could not be found due to the relatively coarse resolution. Using smaller
specimens and a smaller field of view (= smaller nominal pixel size) would improve the
resolution and make more details visible. The resolution is still good enough to get a good
overview of the general pine wood anatomy.
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Figure 5 Cross-section through the reconstructed tomography data set of a Scots
pine specimen (Pinus silvestris) (! 3 mm) with narrow growth rings and a couple
of resin channels (arrows).

Figure 6 Radial slice through a reconstructed tomography data set of a Scots pine
specimen (Pinus silvestris); typical anatomical features like window pits (arrow
head) between ray parenchyma and tracheids are visible as well as the dentate ray
tracheids (arrows).
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European beech (Fagus sylvatica)
In the tomography data of the beech sample (! 1 mm), the different cell types which are
typical for this species can be distinguished only to a certain degree (Figure 7). While vessels
and wood rays can be easily discerned, it is more difficult to distinguish between libriform
fibres, fibre-tracheids, tracheids and axial parenchyma, which is, however, also true for
standard microscopy.

Figure 7 Cross-section through the reconstructed tomography data of a beech
specimen (Fagus sylvatica) (! 1 mm). Vessels and wood ray parenchyma are
clearly discernable but it is hard to distinguish between fibres, tracheids and axial
parenchyma.
The smallest detectable features are pits between vessels or fibres. In spite of their small size
in the !m range (Jayme and Azzola 1965, Fengel 1966), they are clearly visible in the
tomography slices where the nominal pixel size is only 1.48 x 1.48 !m2 (Figure 8).
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Figure 8 Tangential cut through the 3D rendering of the tomography data set of a
beech specimen (Fagus sylvatica); the smallest discernable anatomical features
are some pits with a height of 1 pixel corresponding to a size of 1.48 !m (arrows).

Common yew (Taxus baccata)
Spiral thickenings attached to the inner cell wall layer are typical microscopical features of
yew tracheids. Their diameter is < 1!m (Timell 1978). They were clearly visible in the
reconstructed slices (Figure 9), although their nominal pixel size is 1.48 x 1.48 !m2.

Figure 9 Radial slice through the reconstructed tomographic data of the yew
specimen (! 1 mm); spiral thickenings (thickness <1 !m) in the tracheids are
clearly visible although the nominal pixel size is 1.48 x 1.48 !m2.
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Thus even structures with sub-voxel size can be made visible with the tomographic approach.
The rendered 3D reconstruction shows the spatial disposition of the spiral thickening along
the tracheids (Figure 10).

Figure 10 Rendered 3D view of the tomography data of a yew sample (! 1 mm)
showing tracheids with spiral thickenings, bordered pits and a year ring boundary
on the left hand side.

Norway spruce (Picea abies)
The microscopical features in the reconstructed data of the Norway spruce specimen (! 1
mm) appear only after closer examination. Figure 11 shows a radial slice through the sample,
with a partially filled resin channel on the left hand side and a wood ray in the upper part. The
latter shows piceoid pits (size 2 to 4 !m) in the cross-fields connecting wood ray parenchyma
with tracheids.
In another radial slice (Figure 12), a torus-like structure is visible in the centre of bordered
pits. Although visible in several radial sections, this structure could not be found in tangential
slices. While the diameter of a torus extends to few micrometers, its thickness varies between
500 nm and 1 !m (Trtik et al. 2007), which again falls below the nominal voxel size of the
tomography. It is thus hard to estimate if we observed a torus or an artefact caused by the
visualisation of the data.
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Figure 11 Radial slice through the reconstructed tomographic data of a spruce
sample (! 1 mm); in the upper part, piceoid pits (arrow) connecting a wood ray
with tracheids are visible, while the left side of the image is occupied by a
partially filled resin channel.

Figure 12 Radial section through the reconstructed tomographic data of a spruce
specimen (! 1 mm) showing ray cells and a couple of bordered pits; the bordered
pits show a structure in their respective centre (arrows), which might be the pits
torus.
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Penetration behaviour of a wood preservative
The samples treated with the silver-bearing water repellent showed no clear result. Due to its
higher atomic number compared to the wood-composing elements, silver has a considerably
higher attenuation coefficient. Thus it was expected that even small silver traces should be
detectable within the tomography data.
Both wood species (beech and spruce; cf. Table 1) as well as both fibre orientations
(penetration of the water repellent in and perpendicular to the fibre orientation) showed only
scarce traces of the water repellent. Only when the agent had penetrated the wood
perpendicular to the fibre, the samples indicate a treatment. The beech sample shows a single
vessel (few hundred !m from the surface) filled with a substance with a higher attenuation
coefficient than the surrounding wood. Furthermore a couple of vessels close to the surface
obviously have a layer with a higher attenuation coefficient on their cell wall (Figure 13).

Figure 13 Slice through the reconstructed tomography data of a beech specimen
(! 3 mm) treated with an Ag-nano-particle-containing water repellent. Brighter
areas on and near the surface (arrows) as well as a vessel filled (arrow-head) with
a bright substance indicate the presence of the silver-bearing preservative.
In the vicinity of the surface, the spruce sample shows few tracheids partially filled with a
substance (Figure 14). No convincing evidence of present water repellent was found in the
remaining data. Probably the overall concentration of silver nano-particles is too low to be
detected.
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Figure 14 Slice through the reconstructed tomography data of a spruce specimen
(! 3 mm) treated with an Ag-nano-particle-containing water repellent. Brighter
areas near the surface (arrow) indicate the presence of the silver-bearing
preservative.
No qualitative or quantitative statements on the penetration behaviour of the water repellent
bearing the silver nano-particles were possible. Due to the relatively low overall silver
quantity, the attenuation coefficient of the water repellent is apparently similar to that of
wood, which makes it difficult to detect. De Vetter et al. (2006) overcame a similar problem
by doping the water repellent with a highly attenuating component. In this present study,
doping with such a highly attenuating component seemed unnecessary as a similar effect was
expected from the silver particles.

Penetration behaviour of wood adhesives
The samples for examining the penetration behaviour of PUR adhesives were 3 mm in
diameter. Only exemplary results for the three applied adhesives are elucidated in the
following.
In the 3D reconstruction of a glued specimen, the PUR-penetrated areas are discernable both,
in a view along the sample axis and perpendicular to the glue line (Figure 15) and in a slice
perpendicular to the sample axis (Figure 16). The adhesive apparently mainly penetrated
along the vessels. They are not completely filled but show many bubbles within the adhesive
(probably resulting from the PUR curing).
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Figure 15 Cut perpendicular to the adhesive joint (arrow head) through the 3D
rendering of the tomographic data of a beech specimen bonded with PUR A;
vessels filled with the adhesive are discernable on both sides of the joint (arrows).

Figure 16 Cut perpendicular to the sample axis through the 3D rendering of the
tomographic data set of a beech specimen bonded with PUR A; vessels filled with
the adhesive are discernable on both sides of the joint (arrow head); the vessels
are not completely filled but show a considerable number of air bubbles (arrows).
Penetration of the adhesive into the fibre tissue could neither be proven nor be refuted. Either
due to adhesive penetration or cell collapse during pressing, no fibre cell lumina were
observable in the vicinity of the joint. Due to similar attenuation coefficients for the adhesive
and for wood, this question cannot be answered yet. A possible way to improve the contrast
might be a tomography in phase-contrast mode, where edges are emphasised and which is
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particularly suitable for materials with low attenuation coefficients. Alternatively, neutron
tomography might yield a better contrast than X-ray since neutrons are more sensitive for
hydrogen. However, the spatial resolution (few tens of !m) is here still too low to attend the
cellular wood level, so neutron tomography could only yield an impression of the mean
adhesive distribution near the joint.
Tomography enables to arbitrarily lay virtual sections through the sample. Figure 17 shows a
viewing plane lying parallel within the adhesive joint. It is thus possible to examine the
distribution of the adhesive within the intact joint, to estimate the area which is actually
covered by the adhesive, and to identify flaws in the adhesive bondline.

Figure 17 Virtual cut through the adhesive joint in the 3D rendering of the
tomographic data set of a beech specimen bonded with PUR A showing the
distribution of the adhesive as well as flaws within the joint itself.

Sample preparation
Preparing samples with a turning lathe was a fast and trouble-free procedure. Except for ringporous species with wide vessels, diameters down to 1 mm are feasible. For smaller samples,
alternative preparation methods (Trtik et al. 2007) seem more appropriate.
The preparation barely seemed to affect the samples. Only close to the outer brim, the
cylindrical samples show plastic deformation caused by machining.
Thus the chosen method allows producing plenty of high-quality samples in reasonable time.
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Conclusions

SR!CT is a suitable method for non-destructive evaluation of wood on the microscopic level.
Both anatomical and technical wood issues can be examined, although the method appears
more appropriate for some questions (penetration of adhesive) than for others (water
repellent).
SR!CT is applicable as alternative to light or scanning electron microscopy. Although the
nominal pixel size reached in this presented study (1.48 !m) is still below that of the
abovementioned standard methods, it seems possible to increase resolution. This could be
achieved by using either a smaller field of view or by simply acquiring the transmission data
without binning while using the same field of view (nominal pixel size 0.74 !m). Yet, the
method has a couple of advantages over standard microscopy. It is possible to choose the
point of view within the 3D data set arbitrarily; the risk of preparation artefacts is low and the
preparation less complex and less time consuming than for microscopy.
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Supplementary investigations

Besides the investigations presented in the published articles, a considerable number of
further experiments were carried out using the new capabilities for studies with neutrons and
X-ray. Some have not yet been fully analysed and evaluated, others turned out to be not as
successful as expected. In this chapter some of the most promising experiments are briefly
outlined.

Potential for combining X-ray with neutron imaging
The NEUTRA facility, in addition to measurements with thermal neutrons, has the option to
use X-ray generated by a conventional X-ray tube. It is possible to switch between the two
radiation sources without disturbing the actual experimental setup in front of the detector.
This allows the direct comparison of X-ray and neutron images, since the position of every
pixel remains the same. The combination of the two data sets is an interesting option because
of the differing interactions of the radiation with matter and the consequential differing
attenuation. This phenomenon could be used to determine the elemental composition of an
object analogue to the utilisation of different X-ray energies for the quantification of certain
elements (Jacobsen 1958). The elemental composition of wood regarding the proportion of
the main components (carbon, oxygen, hydrogen) is consistent for all wood species.
Therefore a combination of X-ray and neutrons is logical, when another material or substance
is involved, which shows clearly differing interaction probabilities with the two radiation
types. The most important substance interacting with wood is water. While the energy
spectrum for NEUTRA is a fix facility parameter the energy of the used X-ray can be varied
to a certain extent. A suitable X-ray energy has to be chosen so that there is enough contrast,
thus a relatively low X-ray energy of 80 keV was selected for the theoretical considerations
and the subsequent tests. While the microscopic cross-section for oxygen is in the same range
for thermal neutrons and X-ray (NEUTRA: !n=4.0"10-24 cm2; X-ray (at 80 keV): !x=4.5"10-24
cm2), the values for hydrogen are more than one order of magnitude higher for neutrons than
for X-ray (!n=4.6"10-23 cm2; !x=5.2"10-25 cm2) (Hale et al. 1989; Hale et al. 1990; Chantler et
al. 2005). The attenuation coefficients of X-rays and neutrons lie further apart for water (#water
= 3.59 cm-1; !water (80 keV) = 0.18 cm-1), than for wood, with a supposed absolutely dry
density of 0.6 g cm-3 (#wood = 1.14 cm-1; !wood (80 keV) = 0.1 cm-1). Based on this difference
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in the attenuation coefficients for the two materials, a working hypothesis was established,
claiming that it should be possible to reference the neutron image with the X-ray image under
the assumption that the neutrons “see” the hydrogen atoms within the wood structure and the
water, while X-ray mainly “see” carbon and oxygen atoms within the wood. Such referencing,
combining X-ray with neutron imaging, would be of special interest for investigations of
wood / water relations because of the phenomenon of swelling and shrinkage. For the
quantification of water transport processes, the image data are referenced to an initial dry state
(cf. Paper III). In the referenced images, the swelling / shrinkage causes a dislocation of the
sample edges within the image, making an evaluation within these image areas difficult.
Combining X-ray and neutron imaging might solve this problem of edge dislocation and
might even make the utilisation of a reference state obsolete, if it would be possible to derive
the proportion of the attenuation from the wood structure on the base of the X-ray images.
To test if combining X-ray with neutron imaging could be successful, an experiment with a
similar setup as described in Paper III was carried out. The absorption of moisture by dry
wood samples should be observed with both methods. The custom built climatic chamber was
used within NEUTRA. The climate within the chamber was set to approximately 23°C and
85%RH. The detector was a scintillator-CCD-camera system with a gadolinium based
scintillator (Lanex fast) that allowed the detection of neutrons as well as X-ray photons. The
first flight tube segment had to be removed to pivot the X-ray in and out of the course of the
beam. The samples consisted of four rectangular prisms with the dimensions (height x width x
thickness) of 20 x 20 x 5 mm3. Two samples of European beech and two of Norway spruce
were tested. The two samples used for each species were differently oriented, the square
surface showed the cross-section view (radial-tangential plane) of one sample, while the other
sample showed the tangential section (longitudinal tangential plane). The four samples had
been oven-dried before the experiment and kept before the actual measurement in plastic bags
within a desiccator (silica-gel as desiccating agent) to prevent post-drying moistening. For the
experiment, the samples were placed in the dry climatic chamber and dry reference images
were made using neutrons as well as X-ray. Only after these images had been made were the
water basins, responsible for the relative humidity within the chamber, inserted. After the start
of the experiment two images (one with neutrons and one X-ray) were taken every fifteen
minutes in the first hour and every thirty minutes in the second hour. All images, X-ray as
well as neutron, were corrected as described in Paper I (camera-background (dark current),
flat-field and median-filtering). Evidently, only the neutron images were scattering corrected.
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The mean attenuation coefficient of each sample was determined taking into account the
whole area of the specimen in the image and referenced on the initial dry state. Only small
amounts of absorbed water were expected due to the short duration of the experiment. Such
small variations in the moisture content should only appear in the neutron data. The
considerably diverging theoretical attenuation coefficients for water result in differing
minimally detectable quantities of water. The lower detection limit of a material is given by a
minimal contrast, which is necessary to reliably distinguish a signal from the noise within an
image. The minimal amount of water, which can theoretically be detected with thermal
neutrons, has a layer thickness of 0.03 mm, while it would be 0.55 mm for X-ray with 80
keV. The corresponding theoretically detectable moisture content in a wood sample (!dry=0.4
g cm-3, sample thickness 1 cm) is 0.7%MC for neutrons and 13%MC for X-ray. The actual
results of the referencing on the dry initial state confirm these expectations. While the
referenced data from the neutron images show a clear increase from the start, the data from
the X-ray images show no clear tendency and remain within the estimated measuring
uncertainty (Figure 5.1).

Figure 5.1 Experimentally obtained dry-referenced attenuation coefficients of
thermal neutrons (black) and X-ray (at 80 kV) (grey) corresponding to the
detected amount of water over time.
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The results suggest that it might be possible to use X-ray for the referencing of neutron
images, analogue to the dry-referencing presented in Paper III, thus avoiding the edge
dislocation problem caused by swelling. In particular, this applies to experiments where low
wood moisture content is expected and the water quantity is still below the detection limit of
X-ray. For the referencing, it will be necessary to derive a scaling factor from the microscopic
cross-sections to level the values of the X-ray and neutron transmission and hence the
attenuation coefficients of the tested wood specimen. With a thus levelled X-ray value now
representing the attenuation caused by the wood structure, neutron images might be virtually
“dry-referenced”, leaving only the signal from the absorbed water within the image data
without the side-effects caused by the swelling and without the necessity of a dry initial state.
For a first evaluation of the possibilities of such X-ray referencing different scaling factors
were tested. The scaling factors were applied on X-ray transmission images after
normalisation and filtering. The scaled X-ray images were then used to reference the neutron
images. As the tested samples all feature varying density and thus different attenuation
coefficients, scaling factors had to be derived and applied separately for every sample. The
scaling factors were deduced from the mean transmission of the tested specimen and represent
N

X

a ratio of the transmission of neutrons T and X-ray T : sf =

TN
.
TX

Scaling factor 1 (sf 1) takes into account the transmission theoretically expected for a wood

!
specimen with a given density. For the calculation
of the expected transmission values
theoretical attenuation coefficients from literature (!theor = 1.14 cm-1; !theor = 0.1 cm-1) were
used: sf 1 =

N
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.
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Scaling factor 2 (sf 2) consists of the ratio of the experimentally obtained mean transmission
!

of the dry sample from the start of the experiment (time = t0): sf 2 =

N
Texp
(t 0 )
.
X
Texp (t 0 )

Scaling factor 3 (sf 3) is a modified version of sf 2 varying for every image; while sf 2 is
constant for every image of the time series, sf 3 is !
used to level the transmission of every Xray image taken at the time ti to the dry neutron image from the start (t0): sf 3 =

!

N
Texp
(t 0 )
.
X
Texp (t i )
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To compare the effect of the different scaling factors, the changes of the mean attenuation
coefficient over the sample area in the X-ray referenced images were determined and
compared to values determined with standard referencing of the neutron data (Figure 5.2).

Figure 5.2 Changes of the neutron attenuation coefficients of a spruce sample
determined by standard dry-referencing with a neutron image (black) and by
referencing with X-ray images levelled using different scaling factors (sf 1 – sf3;
grey)
The mean attenuation coefficients for the X-ray-referenced data levelled with the different
scaling factors show all high congruence with the mean values determined with standard dryreferencing. The results obtained with sf 1, which is based on theoretical values, vary to a
slightly greater extent than the results of the experimentally determined sf 2 and sf 3. The
differences between results from sf 2 and sf 3 and those obtained with the standard dryreferencing are marginal.
In Figure 5.3 the resulting images and corresponding profiles of the two spruce samples are
compared. The results from both samples show that the effect from the edge dislocation,
which is clearly visible in the standard referenced images as bright are on the sample border,
does not appear in the X-ray-referenced images and the deduced profiles.
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Figure 5.3 Referencing of two spruce samples (above: cross-section sample;
below: tangential sample); the graphs (left hand side) show the profiles through
the referenced samples (standard (red) and X-ray-referencing using sf 2
(black/grey)); the images on the right hand side show the referenced images after
120 min and the position of the profiles.
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Still, it is questionable if the X-ray-referencing can be applied in the presented way, especially
for the quantification of local changes. The referenced image of the dry sample from the start
of the experiment should ideally be an array with a constant value (transmission T = 1;
attenuation coefficient ! = 0). The actual profiles through the X-ray-referenced spruce
samples show nevertheless different tendencies, particularly in the profile of the sample
visible in the cross-sectional view. Here, the profile drops below 0 in the spring wood areas
and is clearly above this value in the late wood regions. This can be explained by the fact that
the applied scaling factor based on the samples mean transmission value is the same for the
whole image. This results in an overestimation of the areas above the average and an
underestimation of values below. The effect is less noticeable in the sample visible in the
tangential view, which is more homogeneous and thus all values are closer to the average
value.
Applying a variable scaling factor, which would take the inhomogeneities within sample into
account, might solve this problem. But, using the quotient of the two whole reference images
as scaling factor is not an option as it would only work for the referencing of the start image,
which is at the same time the reference image. The resulting image series would be similar to
the standard referenced series as the reference, i.e. the pixel values in the neutron image, is
identical. A scaling factor taking into account the dislocation of the pixel position throughout
the series would be necessary. But, if the problem of pixel dislocation would be solved, the
necessity to use X-ray for referencing to avoid edge effects would not be given anymore.
In summary, the combination of neutron and X-ray imaging still represents an interesting
option. By using a scaling factor to level the two image series, edge effects can be avoided
making the observation of the sample borders possible. A space-resolved quantification is,
nevertheless, difficult particularly for samples showing large density variations. These are
amplified by the utilisation of a mean scaling factor for the whole image and partially hide the
actual signal from the changing wood moisture. With the presented method using a constant
scaling factor, X-ray referencing is limited to investigations of homogeneous samples such as
wood based materials or meticulously oriented tangential wood samples.
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Tree ring analyses
The general applicability of neutron imaging for tree ring analyses was shown in Paper II. To
complement these results, further investigations were carried out.

Further comparison with X-ray
The X-ray data used for the comparison with neutron data in Paper II had been assessed with
X-ray film, an out-dated but still used method. An investigation on the radial density
distribution within yew and spruce samples carried out by D. Keunecke in collaboration with
R. Evans (from the Commonwealth Scientific and Industrial Research Organisation (CSIRO),
Australia) was used to compare neutron imaging with X-ray assessed with a modern digital
X-ray detector system (SilviScan-3). The study will shortly be submitted to the European
Journal of Wood and Wood Products under the title: “SilviScan vs. neutron imaging to
generate radial density profiles”.
The density profile of the growth ring sequence was determined on identical samples with a
SilviScan-3 apparatus and subsequently with neutron imaging. In contrast to the previous
investigations at NEUTRA (thermal spectrum, imaging plates), the neutron measurements
were carried out at the ICON beamline with a cold neutron spectrum using a scintillatorCCD-camera system normally intended for microtomography (Lehmann et al. 2007).
The SilviScan-3 system uses a copper fine focus tube operating in point focus mode as
radiation source and a scintillator-CCD-camera system suitable for soft X-ray as detector. For
densitometry measurements an anode voltage of 35kV and current of 20mA are used.
The SilviScan-measurements had been carried out a couple of weeks before the neutron
measurements; in the X-ray experiment the samples had a equilibrium moisture content of ca.
8%. For the neutron experiments the samples had to be oven-dried as consequence of the
methods high sensitivity for hydrogen. The samples consisted of radially cut strands with a
thickness in beam direction (tangential) of 2 mm, a height of 6 - 7 mm (longitudinal) and
varying length (radial, from pith to bark). For the neutron measurements, the specimens were
positioned in front of the detector (field of view 27 mm) and measured section by section
(step size 20 mm). The resulting overlapping data sets were subsequently reassembled and
used to calculate the attenuation coefficient along the length of the sample. As shown in
Paper I, the attenuation coefficient is linearly correlated with the density. To calculate the
density profile of the samples another approach other than in the published investigation was
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attempted, namely the mean attenuation coefficient of each sample was equated with the
gravimetrically assessed oven-dry density values of the samples. The same procedure was
used for the calculation of the density profiles ascertained with SivliScan-3 with the
gravimetrically assessed average raw density of the conditioned samples.
Due to the different moisture contents of the samples, the data had to be adjusted to correct
the divergences due to swelling and different reference density. For this the length of the
radial profiles was made equidistant by adjusting the dry neutron profiles to the conditioned
SilviScan profiles. Furthermore, the average densities of the two series were equalised.
A direct comparison of the resulting density profiles is shown in Figure 5.3. As in the
previous study the data of both methods show a very high compliance.

Figure 5.3 Density profiles of a Norway spruce specimen with large growth rings
determined with X-ray densitometry (black line) and neutron imaging. The right
side shows a magnified section of the whole sequence (left side).
Besides this visual assessment the data sets were compared with respect to the annual ring
width, the density distribution and the similarity of data (Gleichläufigkeit).
Sequences of the annual ring widths are the base of dendrochronological investigations. As
trees from the same species grown under comparable climatic conditions in a similar
geographical zone show similar growth patterns such a sequence can be used to ascertain the
age of a wood sample. The sequences of the three samples ascertained with the two methods
show very good compliance (Figure 5.4).
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Figure 5.4 Annual ring width sequences of a yew and two spruce wood samples
determined with Silviscan (black line) and neutron imaging (grey line).
Furthermore, the density distribution determined by the two methods was compared using
histograms of the tabulated density frequencies (Figure 5.5). The density distribution
ascertained with both methods shows again high congruence. Small differences that occur in
some of the density classes can probably be attributed to the different climatic conditions
during the measurements.

Figure 5.5 Histograms of the density classes in the density profiles ascertained
with SilviScan (black) and neutron imaging (grey).
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Finally, the profiles were analysed along the similarity of the data sets using two basic
statistic methods: Gleichläufigkeit (“coefficient of parallel variation”) and correlation
coefficients. Gleichläufigkeit is a standard parameter in dendrochronology used for comparing
the agreement of two curves (Schweingruber 1988). It is defined as:
G(x,y ) =

1 n"1
# Gx,i + Gy,i
n "1 i=1

(5)

where G(x,y) is the Gleichläufigkeit for the two data sets x and y, n is the number of
!

observations. Gx,i and Gy,i express the trend of the two series x and y at the point i; the values
are given by the difference !x,i between two successive points !x,i = (xi+1 - xi).
For:

!x,i > 0 : Gx,i = + 0.5
!x,i = 0 : Gx,i = 0
!x,i < 0 : Gx,i = - 0.5

G(x,y) can reach values between 0 and 1; a score of 1 represents identical trends of the two data
series, while a score close to 0 is expected if the trends of the two curves are opposing at
every measuring point. To overcome the noise component within the data obtained with the
two methods, Gleichläufigkeit was calculated using data sets smoothed by a 10-point moving
average. As other parameter for comparing the agreement of the two data series the
correlation coefficient r was calculated using the unsmoothed data. It is defined as:

r=±

$( x " x) # ( y " y)
$( x " x) # $( y " y)
i

i

2

i

2

(6)

i

where r is the correlation coefficient, xi and yi are the values of the two series x and y at the
!

point i, and !x and" y are the arithmetic means of the x and y.
Gleichläufigkeit and correlation coefficients were determined for several parameters: the
complete density profiles, density maxima, density minima and annual ring widths. The
results show again for the most part high congruence between the results obtained with the
two methods (Table 5.1). Higher congruence could probably be reached if the samples would
be measured under similar climatic conditions.
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Table 5.1 Correlation coefficients r and Gleichläufigkeit-values G as measure for the
agreement between the sequential data (density, annual ring width) determined by SilviScan
and by neutron imaging
Density

Parameters
D e n s ity m a x im a Density minima

Ann. ring width

r (n)

Yew
Spruce N
Spruce W

0.802 (8063)
0.972 (15666)
0.976 (24973)

0.753 (45)
0.919 (114)
0.761 (52)

0.911 (45)
0.681 (114)
0.646 (52)

0.996 (45)
0.989 (114)
0.986 (52)

G (n)

Yew
Spruce N
Spruce W

0.683 (8063)
0.777 (15666)
0.660 (24973)

0.902 (45)
0.800 (114)
0.802 (52)

0.772 (45)
0.457 (114)
0.635 (52)

0.900 (45)
0.886 (114)
0.865 (52)

r correlation coefficient, G Gleichläufigkeit, n number of considered values

Overall, it can be stated that the results obtained with the two methods, SiviScan and neutron
imaging, prove to be equivalent. The two systems mainly differ with regard to their handling.
In this respect the SilviScan shows advantages in comparison with neutron imaging as the
samples have only to be inserted and the final results are obtained almost automatically. This
was expected as SilviScan-3 represents a system specially designed and built for tree ring
analyses and densitometry, while the setup used for neutron imaging was designed for
tomography. The results show however the flexibility of the neutron imaging setup, which
allows customising the system along the necessities of the experiment. Automation of the
neutron imaging measurements should also be possible for large-scale experiments.

Applicability for archaeological samples
Dendrochronology studies are often carried out on samples from archaeological or antique
objects. Such samples often feature decay (e.g. by fungi) or other modification (e.g.
impregnation), which can make a visual evaluation or the use of standard X-ray problematic
due to low contrasts within the sample. This problem becomes even more acute, when the
sample is an archaeological object, which must not be damaged. To test if neutron imaging
could yield satisfactory results in this field, partially degraded or modified archaeological
samples were studied. The samples were provided and tested on behalf of M. Grabner from
the University of Natural Resources and Applied Life Sciences (BOKU), Vienna. One sample
consisted of a strand similar to those tested in the previous tree ring investigations (cf. Paper
II) with a thickness in beam direction (longitudinal) of 1 mm, a height (tangential) of !10 mm
and length (radial) of 120 mm. The specimen was cut from partially degraded soft-wood
board found at a lake (“Schwarzer See”) near Dachstein (Austria) dated to 1500AD. The
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sample showed partial discoloration toward one end, where decay processes had begun. The
sample was scanned section by section with the microtomography set-up at ICON, which was
also used for the investigations described in the previous paragraph. The resulting imaging
data were only used for a qualitative appraisal, showing that the discoloured part can clearly
be distinguished within the image, as well as individual features such as growth rings and
resin channels (Figure 5.4).

Figure 5.4 Section of a partially degraded soft-wood sample in a neutron
transmission image. The 500-year-old sample originates from an excavation near
Dachstein (Austria).
Within the scope of the same measuring campaign, a 3000 year old archaeological piece,
found in a prehistoric salt mine near Hallstatt (Austria) was studied. The tested object was a
fragment from a wooden bowl (Figure 5.5 A). Due to long exposure to the salt mine
environment, the fragment was saturated with salt. Thus, the contrast within the sample was
expected to be relatively low and it should be tested if the tree ring sequence could
nevertheless be assessed with neutron tomography. At ICON, a microtomography using cold
neutrons was performed (Lehmann et al. 2007). The resulting tomograms showed that it
would be possible to determine the sequence of annual growth rings even within a partially
deteriorated sample saturated with salt. Even very narrow growth rings down to 150 !m could
be resolved (Figure 5.5 B).
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Figure 5.3 A) Fragment from a wooden bowl found in a prehistoric salt mine near
Hallstatt (Austria). B) tomographic section through the fragment (red line); even
very narrow growth rings, width of 150 !m (yellow arrows), can be resolved.

Penetration behaviour of wood adhesives
As wood bonding is an important area in the field of wood research, the suitability of neutron
tomography and similar methods should be compared. For this purpose, samples of European
beech and Norway spruce glued with different one-component polyurethane resins (PUR) and
of the size 30 x 10 x 8 mm3 were produced. After the results of the comparative study
presented in Paper IV, it was intended to further pursue and extend the appraisal of possible
applications for tomography in wood research. Again different radiation types and energy
ranges should be used. Besides the cold neutrons and synchrotron light, a micro-focus X-ray
facility of the “Swiss Federal Laboratories for Materials Testing and Research” (EMPA) was
used. As the size of the samples, which had been designed for examination with cold
neutrons, surpassed the standard size of the detector at the synchrotron beamline TOMCAT,
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the measurement should also be used to evaluate the feasibility of tomography within a
discrete region of interest (ROI) within the sample. Such a ROI-CT can become necessary, if
high spatial resolution is needed but the sample size cannot further be reduced to fit the
required smaller field of view. The reconstruction of such tomography data can be difficult,
because parts of the sample lie temporarily outside of the field of view. During the
measurement these parts are rotated into the field of view, while other parts are moved out of
sight. This reduces the quality of the reconstructed image in general but particularly in the
parts moving in and out of the projection. Using different reconstruction algorithms could
help improve the image quality and partly avoid reconstruction artifacts.
In this study three different tomography facilities (ICON, TOMCAT and EMPA) using
different reconstruction procedures should be tested and compared. While ROI-CT with a
reduced field of view was used for TOMCAT and the X-ray facility of the EMPA the CT at
ICON was conducted with the standard micro-CT setup with a field of view larger than the
sample. Figure 5.6 shows some preliminary results of the reconstructed CT-data. Figure 5.6
A-B shows tomograms from a synchrotron ROI-CT of a beech sample reconstructed along
different procedures. Here, the cellular structure is discernable despite reconstruction artifacts
of varying extent. The adhesive does not show a notably higher contrast than the surrounding
wood tissue and is only discernable because the vessels adjacent to the glue line are filled. In
the ROI-CT images generated with the X-ray microfocus tube (Figure 5.6 C, D), cellular
structures can also be discerned but with lower spatial resolution. Like in the synchrotron
images, the glue line is scarcely discernable in the tomogram of the beech sample (C). The
contrast between wood and adhesive is however better in the tomogram of the spruce wood
sample due to its lower density, particularly in the spring wood regions. While no
microscopic features can be distinguished in the neutron tomography images, the adhesive
joint is more prominent than in any of the other methods.
The presented results are only preliminary, for a conclusive appraisal of these methods further
analyses of the results would be necessary. Nevertheless, the ROI-CT measurements show
that they can deliver satisfactory results concerning spatial resolution. Microfocus-X-ray
appears to be an alternative to synchrotron for certain applications. Despite the low spatial
resolution, neutron tomography yields the highest contrast between adhesive and wood
structure.
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Figure 5.6 A-B synchrotron ROI-CT of a glued beech sample, reconstructed with
different reconstruction procedures; C-D ROI-CT with X-ray microfocus of glued
beech (C) and spruce samples (D); E-F neutron CT of glued beech (E) and spruce
samples (F)
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Synthesis

The main goal of this thesis was the evaluation and establishment of neutron imaging as a
non-destructive method in the area of wood research. In the first section of this chapter the
main findings are summarised. In a second part, recommendations for using the method are
given, advising possible topics, experimental setups, samples etc.. In a final concluding part,
an outlook on follow-up studies and potential for future research is given.

Main findings
To describe the interactions between neutrons and wood, the attenuation coefficients were
determined experimentally and compared with calculated values. Experimental and calculated
values agreed to a great extent but only after scattering artefacts were eliminated from the
experimental data. Scattering is a consequence from interaction within the sample as well as
backscattering from the experimental facility (e.g. shielding material, sample holder etc.).
While an appropriate set-up can reduce backscattering, sample scattering results from its
elemental composition and cannot be avoided. Therefore, if neutron imaging is to be used for
quantification, scattering correction with an appropriate tool (e.g. QNI (Hassanein 2006a))
represents an essential step in the evaluation.
Attenuation coefficient and the dry density showed a strong linear correlation while other
factors such as the wood species, extractives contents etc. were negligible. This can be
explained by the elemental composition of wood, which is basically the same for all species.
About 99%wt consists of compounds from carbon, oxygen and hydrogen (e.g. cellulose,
lignine etc.). The remaining 1%wt or less consists of a species-specific combination of
elements (e.g. nitrogen etc). Over 90% of neutron attenuation by wood is caused by hydrogen
and almost 10% by carbon and oxygen. As a consequence of this high sensitivity for
hydrogen, special care has to be taken when samples are prepared and handled because even
traces of water can falsify a result if they remain unnoticed.
While hydrogen sensitivity can be problematic if it is not handled seriously, it represents one
of the big advantages of neutron imaging in comparison to similar methods. Promising results
were achieved, for example, in investigations on the penetration behaviour of wood adhesives
as other hydrogenous material. The most important topic is probably the interaction between
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wood and water. With neutron imaging, it was possible to localise and to quantify dynamic
moisture transport processes, such as water uptake by adsorption or transport by diffusion. So
far, such results cannot be assessed by any other method with the same spatial and temporal
resolution. Although many authors (e.g. Wiberg and Morén 1999; Nakada et al. 1999a,b; Cai
2008; Watanabe et al. 2008) could successfully determine the moisture distribution within
wood specimens or trees, most worked with water contents considerably above the fibre
saturation point and none could reach the sensitivity achieved with neutron imaging.
Besides this high sensitivity, the suitability of neutron imaging is due to the exclusive
utilisation of digital detector systems. These provide the opportunity for image referencing
allowing investigations on dynamic processes. By referencing the image data on an initial
state, time-dependent changes become visible and quantifiable. Swelling and shrinkage are
major changes that occur in wood when its moisture content changes. For investigations on
dynamic processes that include such changes, swelling and shrinkage represent an important
issue. The problem might be solved by combining neutron imaging with X-ray, which has a
considerably lower sensitivity for water. The first promising experiments suggest that X-ray
images could be used for referencing as the signal registered in the image can be attributed
mostly to the wood matter and only a small part to the contained water.
A drawback to the high sensitivity, is that the size of the wood samples are limited to a
mesoscopic range between macroscopic (visible by the naked eye) and microscopic scale
(only visible with technical aid). Wood samples for neutron imaging range from less than a
millimetre up to few centimetres (depending on the density and moisture content). For
applications within the ideal working range of neutron imaging, the method proves to be
equally suited as X-ray methods, which could be proven in a comparative study on
dendrochronological samples. For investigations on a macroscopic or microscopic level,
however, the method is not suited. For macroscopic wood samples (several centimetres to
decimetres) standard X-ray seems most appropriate. Although highly sensitive, neutron
imaging is not suitable for investigations on a microscopic level either. For microscopic
applications the resolution of 30 – 50 !m is still too coarse to resolve the cellular structure
(with the exception of big spring vessels in ring-porous species). Improving the resolution is
difficult because of the indirect neutron detection, which relies on the detection of secondary
particles and radiation (cf. Chapter 3, Detection). These secondary particles are prone to
travel a certain distance until their detection thus causing a certain unsharpness in the
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resulting image. By using ever thinner converter layers this effect can be reduced by
extending exposure times.
If spatial resolution on a microscopic level is needed, X-ray microtomography is more
promising. Using a micro-focus X-ray-tube, single cells can already be distinguished. The
best results for such an experiment can be expected from synchrotron microtomography,
which was evaluated regarding its applicability as a non-destructive 3D-microscope, reaching
a resolution of about 1 !m. Even microscopic features close to the detection limit such as
tyloses and pit toruses could be examined without any problem.
All the studied methods show a discrete range of applications, for which they are best suited
and can be employed. Neutron imaging is most appropriate for interactions between wood
and other hydrogenous materials. For structural evaluation on a mesoscopic level, it is equally
suited as X-ray based methods. The combination of neutron and X-ray imaging might reveal
new possibilities for further applications.

Recommendations for specific questions / problems
The following paragraphs provide recommendations for studies using transmission-based
imaging, with the focus on neutron imaging. The first part considers choosing the appropriate
technique for the respective research questions. The second part focuses on the basic
experimental conditions, which have to be considered for neutron imaging and tomography.

Choosing the right method
Experiments are carried out to give answers to certain questions and to solve existing
problems and are not an end in itself. Therefore, the problem or question should be
formulated as precisely as possible to chose the most suitable research method and the most
appropriate experimental conditions.
Depending on the radiation (X-ray or neutron) and the energy level (e.g. cold and thermal
neutrons), the attenuation coefficients vary considerably. Therefore, every method has its own
working range, where the respective technique can be employed (cf. also to Paper IV). This
working range is given with respect to the object size, which can be examined. Another
important parameter is the spatial resolution attainable at different facilities. An indication for
the resolution is given by the nominal pixel size resulting from the field of view and the size
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of the detector. The pixel size only provides information about the distance every pixel
represents in the image, but it also represents the highest attainable resolution. The actual
spatial resolution given in line-pairs per millimetre (lp/mm) is usually slightly higher than the
pixel size. The microtomography setup of ICON has, for example, a nominal pixel size of 13
!m while its actual resolution is about 20 lp/mm for a Gd-scintilliator with 25 !m thickness.
Figure 6.1 illustrates the order of magnitude, which applies for the working range of the three
techniques with respect to object and maximum spatial resolution in terms of the pixel size.
These areas are based on the experience gained at the used experimental facilities and can
vary for other sources.

Figure 6.1 Working range for wood research of transmission-based imaging
facilities: neutron imaging, standard X-ray (e.g. 80 keV) and synchrotron or X-ray
microfocus facilities for wood samples.
While the working range of the neutron imaging, represented by the facilities NEUTRA and
ICON, is fixed, the energy and thus the working range of the two other facilities can be
modified. For TOMCAT, the illustrated range represents that of the minimal selectable
energy. By choosing higher energies, the whole range would be moved to bigger sample
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dimensions. A similar effect applies to the X-ray option XTRA at the NEUTRA facility. Here
a voltage of 80 kV was assumed for determining the working range. This represents a suitable
energy for this facility. Lower voltages, which promise higher contrast but also longer
exposure time, are less suitable, because of the integration within a neutron imaging beamline. For collimation, NEUTRA is equipped with evacuated flight tubes with torospherical
heads, made from aluminium, at the end of the tube sections. For the neutron beam, the
aluminium is practically transparent, influencing it scarcely. X-ray photons are influenced to a
much higher extent resulting in beam hardening and a limitation toward energies below 50
kV.
Transmission-based imaging yields information on the inner structure and elemental
composition of an object. Investigations on wood can thus often have these two objectives: 1)
the structural analysis (where the resulting images can be regarded as mapping of the density
distribution within the object); 2) interaction of wood with other materials (hydrogenous
materials, particularly water).
For studies on structural features, two factors are decisive for choosing the appropriate
method: the size of the object and the size of the structural feature of interest and thus the
necessary spatial resolution within the image. Neutron imaging is limited to a mesoscopic
level. Two boundary conditions have to be taken into account for the sample design: the
limited transmission (defining the upper limit) and the limited contrast (defining the lower
limit). The high sensitivity for hydrogen limits the size of wood specimens to a few
centimetres and necessitates a special consideration of the moisture content. Also the spatial
resolution is limited to a mesoscopic scale as a consequence of the indirect neutron detection
with resolvable structures between 30 and 50 !m. For applications within its working range,
such as tree ring analysis, neutron imaging represents at least a method equivalent to the Xray based method. Its advantage over standard X-ray imaging is the high contrasts attainable
for small samples and the resulting shorter exposure times, which are both caused by the
considerably higher sensitivity of the method (cf. Paper II).
The sensitivity of neutrons also has its drawbacks. Macroscopic samples with a size larger
than a couple of centimetres or with too high moisture content cannot be penetrated by
neutrons but instead by X-ray photons of a certain energy level. When examining large
objects, the spatial resolution has to take second priority, because the number of data points
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on the detector is limited. It is possible to attain higher resolution with a large object if it is
scanned in sections with a field of view smaller than the actual specimen.
Neutron imaging is also limited whenever microscopic features are to be investigated. Then
X-ray or synchrotron microtomography are preferable to neutron imaging or tomography,
because of the limited resolution caused by the indirect detection. Synchrotron light is
suitable for studies on a microscopic level and it should be even possible to resolve structures
of <1 !m with it. If such a high resolution is aspired, the sample size is limited to a few
millimetres.
The second category where transmission-based techniques can be used is when investigating
the interaction of wood with other foremost hydrogenous materials. Here, the interaction
between wood and water is of special interest, because most of the wood properties depend on
the moisture content. However, only very few testing methods exist that allow for an
undisturbed and precise measurement of the moisture distribution within a wood sample and
especially of related dynamic transport processes. Neutron imaging offers considerable
advantages over X-ray techniques. Even very small amounts of water can be detected and
reliably quantified (down to a layer thickness of 40 !m). Furthermore, the high sensitivity
allows for much shorter exposure times, thus yielding a higher temporal resolution than
would be possible with X-ray. For experiments with low moisture content, neutron imaging is
therefore the best choice. Standard X-ray can be suitable if higher moisture contents (> fibre
saturation point) have to be observed in large-scale samples. Synchrotron tomography is
currently not applicable for such investigations, because the actual working range restricts the
sample size to a scale of a few millimetres, which is hardly representative of the water-related
processes in wood. If the spatial resolution can be further improved reaching the nanometrescale, this technique might become an option again, making observations of the actual water
layer on the cell wall possible.
These considerations for wood-water relations can be extended to other hydrogenous
materials such as adhesives, resins or varnishes or materials containing other highly
attenuating components such as boron. If elements with a higher atomic number and thus
higher cross-section for photons (e.g. metals such as silver) are involved, X-ray and
synchrotron radiation also have to be considered.
Apart from the basic technical considerations for the choice of the appropriate method, the
availability of such facilities has to be taken into account as well. While X-ray is a wide-
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spread technique and relatively easily available, imaging with neutrons and synchrotron
radiation is only available at a few large-scale facilities. Here, the experiments first have to be
formulated and then pass an official application procedure. While thoroughly prepared
proposals generally pass the procedure, this takes time and one has to accept the period and
date approved by the responsible scientific committee. Table 6.1 summarises the application
areas for the presented transmission-based techniques.
Table 6.1 Overview of the presented transmission-based techniques and their areas of
application
Method

Advantages

Disadvantages

Application areas

Standard X-ray
imaging
(tube type based)

- Flexibility
- Large objects
penetrable
- Availability

- Low contrast ! long
exposure times for
small objects (with
film)
- very low sensitivity for
hydrogen (water)

- Investigations on the
macroscopic level
(samples in the
decimetre range)
- Structural analyses

Synchrotron
tomography

- Excellent spatial
resolution
- Monochromaticity

- limited to a small
sample size
(<1 cm)
- Availability

- Investigations on
microscopic level
(samples in millimetre
range)
- Structural analyses

Neutron imaging

- High sensitivity for
hydrogen
- High contrast for
small samples ! short
exposure

- limited to small and
medium-sized samples
(<4 cm)
- Availability

- Investigations on
mesoscopic level
(samples in centimetre
range)
- Structural analyses
- Interaction with
hydrogenous materials
- Dynamic processes

Basic experimental conditions for neutron imaging
For the successful implementation of neutron imaging experiments, the choice of the sample
is of special interest. The decisive parameters are the dry wood density, the moisture content
and the sample size. The parameter, which can be the easiest to modify to fulfil the
experimental requirements, is the sample size. The decisive dimension is the layer thickness
that has to be penetrated by the neutron beam. The limiting factor is the signal from the
transmitted neutrons, which has to be distinguishable from the noise of the detector. The
intensity of this signal must be at least one noise level away from the total transmission (I = 1)
and total absorption (I = 0) to be discerned and used as a proper signal from the sample. With
the estimated attenuation coefficient, it is possible to determine the minimum and maximum
layer thickness of a sample. The working range (i.e. the penetrable layer thickness) for wood
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samples can be calculated along equations (3) and (4) presented in Chapter 4, Paper IV. The
lower limit lies well below 1 mm for both spectra; e.g. for absolutely dry wood with a density
of 0.4 g cm-3 the minimum object size yielding enough contrast is ca. 210 !m for the cold
spectrum and 260 !m for thermal neurons. Under-running the lower limit is thus, for regular
experiments with samples in the millimetre-range, not a problem. The maximum layer
thickness is generally the decisive parameter for the choice of the appropriate sample size.
This limitation to the object size was calculated for different levels of density for absolutely
dry wood. As the moisture content plays a crucial role for such measurements, the maximum
sample size was also calculated for several levels of moisture content. Note that the density
values are always referring to absolutely dry wood. The moisture content levels represent the
expected values reached throughout the experiment. For the calculation of the wet wood, the
proportion of the contained water was added as a supplementary layer to the wood layer. The
former was calculated with the attenuation coefficients of water for the two used spectra
(experimentally obtained parameters: NEUTRA !=3.59 cm-1, ICON !=4.94 cm-1).
The results for the upper samples limit are illustrated in the Figures 6.2 to 6.5: Figures 6.2 and
6.3 show the maximum sample thickness for NEUTRA and ICON depending on the density
for several discrete expected moisture content levels; the Figures 6.4 and 6.5 illustrate the
upper size limit depending on the moisture content for several density levels.

6. Synthesis

Figure 6.2 Maximum sample thicknesses at NEUTRA depending on the
absolutely dry density of wood for several levels of moisture content expected
during the experiment

Figure 6.3 Maximum sample thicknesses at ICON depending on the absolutely
dry density of wood for several levels of moisture content expected during the
experiment
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Figure 6.3 Maximum sample thicknesses at NEUTRA depending on the moisture
content for several density levels of absolutely dry wood.

Figure 6.4 Maximum sample thicknesses at ICON depending on the moisture
content for several density levels of absolutely dry wood.

153

6. Synthesis

154

Apart from the sample thickness, the shape and size of a sample can be chosen arbitrarily.
Also, sizes exceeding the detector size can be studied, by either concentrating on a smaller
area of interest or by scanning the whole area section by section. For tomography, the sample
has to be rotated and the longest distance in its cross-section has to fit into the working range.
A cylindrical shape for tomography samples is less prone to reconstruction artefacts.
The suitability of a detector system is determined by its objective. Structural analyses require
detector-systems with a high spatial resolution, while for the evaluation of dynamic processes,
faster systems are indispensable. If quantification with preceding scattering correction is
envisaged, reference images (flat-field, camera background, scattering background) are
necessary thus excluding certain detector-systems. Every category of detector system has its
advantages and disadvantages (cf. Chapter 3, Detection). Systems with high spatial resolution
require, as a rule of thumb, longer exposure times, while faster detectors have a poor spatial
resolution. These parameters have to be weighed up against each other to choose the most
suitable detector system.
Combined scintillator-CCD-camera systems have several advantages. They are flexible and
can be customised to a certain degree to the requirements of the experiment. Scintillators with
different elemental compositions and thicknesses with the resulting spatial resolution and
light emitting efficiency can be used. The camera lens can be varied and thus the field of view
and the resulting nominal pixel size can be adjusted to the requirements of the experiment.
Another big advantage is the possibility of image referencing and of using scattering
correction tools crucial for quantification. Such a system can also be used to study dynamic
processes, because the detector is fixed and the data can remotely be retrieved without the risk
of altering the position of either the detector or the studied object unintentionally (unlike e.g.
imaging plates or X-ray film). A drawback is the limited spatial resolution reached with
normal scintillators, which is still in the range of 100 – 200 !m.
No doubt, imaging plates promise better spatial resolution of up to 25 – 50 !m. But they have
to be removed for the data-readout; thus dynamic measurements as well as image referencing
and scattering correction become impossible.
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Outlook: Subsequent studies / Potential for future research
Neutron imaging
The main advantage of neutron imaging in comparison with other methods is its high
sensitivity for hydrogen. Several studies on wood-water-interactions have been done or are
still carried out by the Wood Physics Group (IfB) of ETH Zurich in collaboration with the
PSI. These experiments consist of the same or similar setup used in Paper III for evaluating
diffusion processes in the axial direction of solid wood. Some of these measurements have
already been completed but the data still have to be processed and evaluated. The samples
were multilayered boards with the varied parameters: material (different species and woodbased materials), number of layers and wood adhesives (different types, varying viscosity).
Some experiments were planned as short-term measurements (1-2 days), while other
measurements were conducted over several weeks (8-10 weeks). Since first results are very
promising, similar experiments should be envisaged after the existing data have been
analysed.
Another study focuses on the penetration behaviour of wood adhesives: the dynamic process
of adhesive penetration will be monitored. Beforehand, an appropriate set-up has to be
designed and built including a remote-controlled apparatus apply an adhesive and to press the
join parts together.
A possible focus for future experiments should also be on the combined utilisation of neutron
and X-ray imaging. The fact that the radiation types have differing interaction probability and
thus sensitivity for different elements could be used to obtain supplementary information on
the material’s composition (Lehmann et al. 2005a). For wood, this combination could be used
to avoid the problems accompanying moisture content changes (swelling and shrinkage). The
previous experiments represent only the very first step in this direction. They are merely an
indication that overcoming the problem of swelling and shrinkage in referenced images might
become possible.
Neutrons of differing energies also show varying interaction probabilities with the atoms of
different elements. Similar effects have been exploited for decades with X-rays (Jacobson
1953; 1958). Although the main components of wood (H, C, O) all show similar behaviour in
the energy range covered by the imaging facilities NEUTRA and ICON, this phenomenon
could be used whenever other supplementary materials are involved. Some elements might
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also be used as a marker in adhesives, varnishes or resins for contrast enhancement. For such
experiments, mono-chromatic neutrons of varying energy levels would be necessary. For the
ICON facility, a velocity selector (a high speed turbine with twisted lamellae) is already
available. At the moment a new poly-crystal mono-chromator is projected.
New applications can also result from the planned utilisation of the beam-line FUNSPIN for
neutron imaging (project title FUNTOM). This facility is fed by polarised neutrons with an
even colder energy spectrum than ICON, promising higher contrast and sensitivity than the
other beam-lines (Zejma et al. 2005).
Neutron imaging, as a tool for structural investigations, would greatly benefit if the spatial
resolution could be further improved. One way to optimise the resolution is by reducing the
thickness of the converter layer. So far, scintillators with a thickness of 25 !m could be
produced yielding a resolution of 20 lp/mm with a pixel size of ca. 13 !m. The problem of
ever thinner scintillators is the diminishing light efficiency, which necessitates longer
exposure time for an evaluable image. Another possibility to improve the spatial resolution
might be tilting the detector. Instead of a configuration perpendicular to the beam, the detector
is oriented in a more acute angle. Boillat et al. (2008) used the resulting magnification effect
to diminish the nominal pixel size at ICON to 2.5 !m.

Synchrotron tomography
Synchrotron microtomography proved to be particularly suitable as a non-destructive 3Dmicroscope for studies on wood. Recent technical development has noticeably diminished the
time necessary for a microtomography run. Thus, the feasibility of 3D-investiagtions of
dynamic processes might be tested in future studies. Particularly interesting would be the
structural changes on a microscopic scale that occur under mechanical loading. Such
investigations would contribute to understanding micro- and fracture-mechanical processes in
wood at a microscopic level. However such studies would necessitate the design and
construction of a customised loading stage that could simultaneously fulfil the requirements
of the tomography and the mechanical tests. However, such a device is currently inexistent.
It is planned to treat this topic in a joint work of the Wood Physics Group of ETH Zurich and
the PSI within the scope of a new PhD-project.

7. References

157

7. References
Alkan, S., Zhang, Y.L., Lam, F. (2007) Moisture distribution changes and wetwood behavior
in subalpine fir wood during drying using high X-ray energy industrial CT. Drying
Technology 25:483-488Amemiya, Y., Miyahara, J. (1988) Imaging plate illuminates
many fields. Nature 336 (6194):89-90
Amemiya, Y., Miyahara, J. (1988) Imaging plate illuminates many fields. Nature 336
(6194):89-90
Anonymous (2006a) Memorandum of understanding for the implementation of a European
concerted research action designated as COST action IE0601 „Wood Science for
Conservation of Cultural Heritage (WoodCultHer)“. Online available: URL:
http://cost.esf.org/index.php?id=1100 [06/03/2009]
Anonymous - Neutron Imaging an der Spallations-Neutronenquelle SINQ - Informationen
für potenzielle Nutzer und Anwender. PSI, Villigen, 2006 (in German)
Baettig, R., Rémond, R., Perré, P. (2006) Measuring moisture content profiles in a board
during drying: a polychromatic X-ray system interfaced with a vacuum/pressure
laboratory kiln. Wood Sci. Technol. 40:261-274
Bascietto, M., Cherubini, P., Scarascia-Mugnozza, G. (2004) Tree rings from a European
beech forest chronosequence are useful for detecting growth trends and carbon
sequestration. Can. J. Forest Res. 34:481-492
Bauer, G.S. (1998) Operation and development of the new spallation neutron source SINQ at
the Paul Scherrer Institut. Nucl. Instrum. Meth. B 139 (1-4): 65-71
Beall, F. (1996) Future of nondestructive evaluation of wood and wood-based materials
Holzforsch. Holzverwert. 5:73–5
Becker, G. (1993) Verfahren der zerstörungsfreien Holzprüfung - Entwicklungstendenzen in
Nordamerika und Folgerungen für die Anwendung in Mitteleuropa - Optische,
mechanische, elektrische Verfahren 1. Holz Roh- Werkst. 51:83-87 (in German)
Becker, G., Beall, F. (1993) Verfahren der zerstörungsfreien Holzprüfung Entwicklungstendenzen in Nordamerika und Folgerungen für die Anwendung in
Mitteleuropa - Akustische Verfahren zur zerstörungsfreien Prüfung von Holz und
Holzwerkstoffen und zur Prozesssteuerung in der Holzindustrie 2. Holz Roh- Werkst.
51:177-180 (in German)
Beckurts, K.H., Wirtz, K. – Neutron physics. Springer, Berlin, 1964
Bemmann, A. - Methoden der Feuchtemessung an Hackschnitzeln unter besonderer
Berücksichtigung radiometrischer Methoden. Diploma thesis, TU Dresden, 1974a (in
German)
Bemmann, A. (1974b) Messung der Feuchtigkeit von Hackschnitzeln mit radiometrischen
Methoden. Wissenschaftliche Zeitschrift der TU Dresden, Dresden 23: 1425-1429 (in
German)
Berger, H. (1971) Neutron radiography. Annu. Rev. Nucl. Sci 21:335-365

7. References

158

Bergsten, U., Lindeberg, J., Rindby, A., Evans, R. (2001) Batch measurements of wood
density on intact or prepared drill cores using x-ray microdensitometry. Wood Sci.
Technol. 35:435-452
Boillat, P., Kramer, D., Seyfang, B.C., Frei, G., Lehmann, E., Scherer, G.G., Wokaun, A.,
Ichikawa, Y., Tasaki, Y., Shinohara, K. (2008) In situ observation of the water
distribution across a PEFC using high resolution neutron radiography. Electrochem.
Commun. 10(4):546-550
Bonse, U., Busch, F. (1996) X-ray computed microtomography (mu CT) using synchrotron
radiation (SR). Prog. Biophys. Mol. Bio. 65(1-2):133-169
Bradley, D.A., Tajuddin, A.A., Sudin, C.W.A.C.W., Bauk, S. (1991) Photon attenuation
studies on tropical hardwoods. Appl. Radiat. Isotopes 42(8):771-773.
Brooks, R.A. , Di Chiro, G. (1975) Theory of image reconstruction in computed tomography.
Radiology 117:561-572
Bucur, V. (2003a) Techniques for high resolution imaging of wood structure: a review. Meas.
Sci. Tech. 14(12): R91-R98
Bucur, V. Non-destructive Characterisation and Imaging of Wood. Springer, Berlin, 2003b
Cai, Z.Y. (2008) A new method of determining moisture gradient in wood. Forest Prod. J.
58:41-45
Cameron, J.F., Berry, P.F., Phillips, E.W. (1959) The determination of wood density using
beta rays. Holzforschung 13:78–84
Chantler, C.T., Olsen, K., Dragoset, R.A., Chang, J., Kishore, A.R., Kotochigova, S.A., and
Zucker, D.S. (2005) X-Ray Form Factor, Attenuation and Scattering Tables (version
2.1). Online available: URL: http://physics.nist.gov/ffast [2009, March 12]. National
Institute of Standards and Technology (NIST), Gaithersburg, MD. Originally published
as Chantler, C.T., J. Phys. Chem. Ref. Data 29(4):597-1048 (2000); and Chantler, C.T.,
J. Phys. Chem. Ref. Data 24:71-643 (1995).
Clauson, M.L., Wilson, J.B. (1991) Comparison of video and x-ray for scanning wood
density. Forest Prod. J. 41(3):58-62
Compton, A.H. (1923) A quantum theory of the scattering of X-ray by light elements. Phys.
Rev. 21(5):20pp.
Cormack, A.M. (1963) Representation of a function by its line integrals, with some
radiological applications. J. Appl. Phys. 34 (9):2722-2727
Crank, J. - The mathematics of diffusion. Clarendon Press, Oxford, 1956
Decoux, V., Varcin, E., Leban, J.M. (2004) Relationship between the intra –ring wood
density assessed by X-ray densitometry and optical anatomical measurements in
conifers - Consequences for the cell wall apparent density determination. Ann. For. Sci.
61:251-262
Deschler-Erb, E., Lehmann, E. H., Pernet, L., Vontobel, P., Hartmann, S. (2004) The
complementary use of neutrons and X-rays for the non-destructive investigation of
archaeological objects from Swiss collections. Archaeometry 46:647-661
De Vetter, L., Cnudde, V., Masschaele, B., Jacobs, P.J.S., Van Acker, J. (2006) Detection and
Distribution Analysis of Organosilicon Compounds in Wood By Means of Sem-Edx
and Micro-Ct. Mater. Charact. 56:39–48

7. References

159

Dierick, M. – Tomographic imaging techniques using cold and thermal neutron beams. PhD
thesis Univ. of Gent, 2005
Dobos, T., Szendrödi, L., Habermehl, A., Ridder, H.-W., Solymosi, J., Soós, J., Nemeth, G.
(1991) Untersuchung von stehenden Baumen mit einem mobilen ComputerTomographen in Ungarn. Allg. Forst- Jagdztg 162:45-50 (in German)
Dodd, J.D. (1948) On the shapes of cells in the cambial zone of Pinus silvestris L. Amer. J.
Bot. 35:666–682
Domanus, J.C., Matfield, R., Markgraf, J.W.F., Taylor, D.J. (1992) Imaging techniques. In:
Practical neutron radiography. Ed. Domanus, J.C., Kluwer, Dordrecht. pp. 51-56
Donaldson, L.A., Lausberg, M.J.F. (1998) Comparison of conventional transmitted light and
confocal microscopy for measuring wood cell dimensions by image analysis. IAWA J.
19(3):321-336
Evans, R., Ilic, J. (2001) Rapid prediction of wood stiffness from microfibril, angle and
density. Forest Prod. J. 51:53-57
Eschbach, W., Nogler, P., Schär, E., Schweingruber, F.H. (1995) Technical advances in the
radiodensitometrical determination of wood density. Dendrochronologia 13:155-168
Fengel, D. (1966) Electron Microscopic Contributions to the Fine Structure of Beechwood
(Fagus sivatica L.) - Part III: The Fine Structure of the Pits in Beechwood. Holz RohWerkst. 24(6):245-253 (in German)
Frandsen, H.L., Damkilde, L., Svenson, S. (2007) A revised multi-Fickian moisture transport
model to describe non-Fickian effects in wood. Holzforschung 61:563-572
Fratzl, P. (2007) Biomimetic materials research: what can we really learn from nature’s
structural materials? J.R. Soc. Interface 4:637-642
Frey, W. (1984) Durch Schneelast verursachte Schäden in den Fichten-Aufforstungen von
Bleisa/Pusserein 1981/82. Analyse, Folgerungen, Behandlungsvorschläge. Internal
report Nr. 619, Institute for Snow and Avalanche Research SLF, Davos, Switzerland.
(in German)
Galligan, W. (1964) A status report... Nondestructive testing in wood. Forest Prod. J.14(5):
221-227
Gläser, W. – Einführung in die Neutronenphysik – Introduction to Neutron Physics. Thiemig,
Munich, 1973 (in German)
Groso, A., Abela, R., Stampanoni, M. (2006) Implementation of a fast method for high
resolution phase contrast tomography. Opt. express Vol. 14(18):8103-8110
Habermehl, A., Ridder, H.W. (1992) Computerized-Tomography applied to studies on wood
of living trees. Holz Roh- Werkst. 50 (12):465-474 (in German)
Habermehl, A., Ridder, H.W. (1993) Application of computed-tomography for nondestructive investigations on wood of living trees – forestry studies. Holz Roh- Werkst.
51 (1): 1-6 (in German)
Hale, G., Dodder, D., Siciliano, E., Wilson, W. (1989) ENDF/B-VI evaluation, MAT # 125,
Release 0; data retrieved from the ENDF database [B-VI.1]. Los Alamos National
Laboratory, USA
Hale, G., Chen, Z., Young, P. (1990) ENDF/B-VI evaluation, MAT # 825, Release 0; data
retrieved from the ENDF database [B-VI.0]. Los Alamos National Laboratory, USA

7. References

160

Hassanein, R., Lehmann, E., Vontobel, P. (2005) Methods of scattering corrections for
quantitative neutron radiography. Nucl. Instrum. Meth. A 542: 353–360
Hassanein, R. - Correction methods for the quantitative evaluation of thermal neutron
tomography. PhD Thesis ETH Zurich, 2006
Hassanein, R., de Beer, F., Kardjilov, N., Lehmann, E. (2006) Scattering correction algorithm
for neutron radiography and tomography tested at facilities with different beam
characteristics. Physica B 385-86:1194-1196
Hattori, Y., Kanagawa, Y. (1985) Non-destructive measurement of moisture distribution in
wood with a medical CT-scanner. Mokuzai Gakkaishi 31:974-982
Herman, G. T. 1980: Image reconstruction from projections - the fundamentals of
computerized tomography. Academic Press, New York, 1985
Hoag, M., McKimmy, M.D. (1988) Direct scanning x-ray densitometry of thin wood sections.
Forest Prod. J. 38(1):23-26
Hoag, M.L., Krahmer, R.L. (1991) Polychromatic X-ray attenuation characteristics and wood
densitometry applications. Wood Fiber Sci. 23 (1):23-31
Hounsfield, G.N. (1973) Computerized transverse axial scanning tomography. Br. J. Radio.
46: 1016
Hounsfield, G. 1980. Computed medical imaging. Science 210 (4465): 22-28.
Hubbell, J.H., Seltzer, S.M. (2004) Tables of X-Ray Mass Attenuation Coefficients and Mass
Energy-Absorption Coefficients (version 1.4). National Institute of Standards and
Technology, Gaithersburg, MD. Online available: http://physics.nist.gov/xaamdi
[15/07/2008].
Hughes, M.K. (2002) Dendrochronology in climatology – the state of the art.
Dendrochronologia 20:95-116
IPCC (2001): Climate change 2001: Synthesis Report. Watson, R.T. & the Core Writing
Team (Eds.). Cambridge University Press, Cambridge, UK.
Jacobson, B. (1953) Dichromatic absorption radiography - dichromography. Acta radiol.
39(6):437-452
Jacobson, B. (1958). Dichromography – method for invivo quantitative analysis of certain
elements. Science 128(3335):1346-1346
Jaime, G., Azzola, F.K. (1965) Texture and Topochemistry of Beechwood Pits and
Pitmembranes (Fagus sivatica L.). Holz Roh- Werkst. 23:41-49
Kak, A.C., Slaney, M. - Principles of Computerized Tomographic Imaging, IEEE Press, New
York, 1988
Kardjilov, N. - Further developments and applications of radiography and tomography with
thermal and cold neutrons. PhD Thesis Tech. Univ. Munich, Munich, 2003
Kettle, P.-R. (2002) Swiss Light Source set to be a world class facility. CERN Courier 42(3):
24-26.
Keunecke, D. – Elasto-mechanical characterisation of yew and spruce wood with regard to
structure-property relationships. PhD Thesis ETH Zurich, 2008
Keylwerth, R., Kleuters, W. (1962) Contribution to the annual ring analysis with a beta-ray
method. Holz Roh- Werkst. 20 (5):173-181.

7. References

161

Kitin, P., Sano, Y., Funada, R. (2003) Three-dimensional imaging and analysis of
differentiating secondary xylem by confocal microscopy. IAWA J. 24(3):211-222
Kitin, P., Fujii, T., Abe, H., Funada, R. (2004) Anatomy of the vesselnetwork within and
between tree rings of Faxinus lanuginosa (Oleaceae). Am. J. Bot. 91(6):779 –788
Knebel, W., Schnepf, E. (1991) Confocal laser scanning microscopy of fluorescently stained
wood cells: a new method for three-dimensional imaging of xylem elements. Trees –
Struct. Funct. 5:1–4
Koc, P., Hou!ka, M., !tok, B. (2003) Computer aided identification of the moisture transport
parameters in spruce wood. Holzforschung 57:533-538
Koch, M., Hunsche, S., Schumacher, P., Nuss, M.C., Feldmann, J., Fromm, J. (1998) THzimaging: a new method for density mapping of wood. Wood Sci. Technol. 32:421-427
Kollmann, F.F.P., Côté, W.A. Jr. - Principles of wood science and technology. Vol. I: Solid
wood. Springer-Verlag Berlin, Heidelberg, New York, 1968
Koenig, J., Guenther, B., Bues, C.T. (2005) New multivariate crosscorrelation analysis. Trace
53(3):159–166
Koerner, S., Lehmann, E., Vontobel, P. (2000) Design and optimization of a CCD-neutron
radiography detector. Nucl. Instrum. Meth. A 454(1):158-164
Kühne, G., Frei, G., Lehmann, E., Vontobel, P. (2005) CNR - the new beamline for cold
neutron imaging at the Swiss spallation neutron source SINQ. Nucl. Instr. Meth. A
542(1-3):264-270.
Krug, K., Porra, L., Coan, P., Wallert, A., Dik, J., Coerdt, A, Bravin, A., Elyyan, M.,
Reischig, P., Helfene, L., Baumbach, T. (2008). Relics in medieval altarpieces?
Combining X-ray tomographic, laminographic and phase-contrast imaging to visualize
thin organic objects in paintings. J. Synchrotron Radiat. 15:55-61.
Lehmann, E., Pleinert, H., Wiezel, L. (1996) Design of a neutron radiography facility at the
spallation source SINQ. Nucl. Instrum. Meth. A 377(1):11-15.
Lehmann, E., Vontobel, P., Wiezel, L. (1999) Properties of the Radiography Facility
NEUTRA at SINQ and its Potential for Use as European Reference Facility. Proc. 6th
World Conf. On Neutron Radiography, Osaka 1999.
Lehmann, E., Vontobel, P., Scherrer, P., Niemz, P. (2001a) Application of neutron
radiography as method in the analysis of wood. Holz Roh- Werkst. 59(6):463-471 (in
German)
Lehmann, E.H., Vontobel, P., Wiezel, L. (2001b) Properties of the Radiography Facility
NEUTRA at SINQ and its Potential for Use as European Reference Facility.
Nondestructive Testing and Evaluation 16:191–202
Lehmann, E.H., Vontobel, P., Frei, G., Bronnimann, C. (2004) Neutron imaging-detector
options and practical results. Nucl. Instrum. Meth. A 531(1-2):228-237
Lehmann, E. H., Vontobel, P., Deschler-Erb, E., & Soares, M. (2005a) Non-invasive studies
of objects from cultural heritage. Nucl. Instrum. Meth. A 542(1-3), 68-75.
Lehmann, E., Hartmann, S., Wyer, P. (2005b) Neutron radiography as visualization and
quantification method for conservation measures of wood firmness enhancement. Nucl.
Instr. Meth. A 542:87-94

7. References

162

Lehmann, E.H., Frei, G., Kühne, G., Boillat, P. (2007) The micro-setup for neutron imaging:
A major step forward to improve the spatial resolution. Nucl. Instrum. Meth. A
576:389-396
Lenz, O., Schaer, E., Schweingruber, F.H. (1976) Methodische Probleme bei der
radiographisch-densitometrischen Bestimmung der Dichte und der Jahrringbreiten von
Holz. Holzforschung 30:114-123 (in German)
Lesnino, G. (1994) The laser-sandblasting method: A new method for the qualitative annual
ring analysis of conifers. Wood Sci. Technol. 28:159-171
Lindgren, L.O. (1991a) Medical CAT-scanning: X-ray absorption coefficients, CT-numbers
and their relation to wood density. Wood Sci. Technol. 25:341-349
Lindgren, L.O. (1991b) The accuracy of medical CAT-scan images for non-destructive
density measurements in small volume elements within solid wood. Wood Sci. Technol.
25:425-432
Liu, C.J., Olson, J.R., Tian, Y., Shen, Q.B. (1988) Theoretical wood densitometry: I attenuation equations and wood density models. Wood Fiber Sci. 20 (1):22-34
Lohmann, U. et al. : Holz-Lexikon. 4th edition, volume I, DRW-Verlag LeinfeldenEchterdingen, 2003
Loos, W.E. (1961) Applications of the Electro- Gamma-ray Backscatter Technique to the
Inspection of Utility Poles. Forest Prod. J. 11(8):333-336
Loos, W.E. (1965) Determining moisture content and density of wood by nuclear radiation
techniques. Forest Prod. J.15:102-106
Macedo, A., Vaz, C.M.P., Pereira, J.C.D., Naime, J.M., Cruvinel, P.E., Crestana, S. (2002)
Wood Density Determination By X- and Gamma-Ray Tomography. Holzforschung
56(5):535-540
Maloy, T.P., Wilsey, R.B. (1930) X-raying trees. Amer. Forests and Forest Life, 36(2):79-82.
Mannes, D., Lehmann, E., Niemz, P. (2006a) Study on the penetration behaviour of water in
corner joints by means of neutron radiography. Wood Res. J. 2:1-14
Mannes, D. (2006b) Investigation of wood properties by means of neutron imaging
techniques. Proc. 6th International PhD Symposium in Civil Engineering, Zurich 2006
Mannes, D., Lehmann, E., Cherubini, P., Niemz, P. (2007) Neutron imaging versus standard
X-ray densitometry as method to measure tree-ring wood density. Trees - Struct. Funct.
21: 605-612
Mannes, D., Josic, L., Lehmann, E., Niemz, P. (2009) Neutron attenuation coefficients for
non-invasive quantification of wood properties. Accepted for publication in
Holzforschung 63(4):472-478
Markgraf, J.W.F., Matfield, R. (1992) Neutron beam. In: Practical neutron radiography. Ed.
Domanus, J.C., Kluwer, Dordrecht. pp. 26-50
Marone, F., Hintermuller, C., McDonald, S., Abela, R., Mikuljan, G., Isenegger, A., et al.
(2008). X-ray tomographic microscopy at TOMCAT. Proceedings of the SPIE - The
International Society for Optical Engineering 7078: 707822 (11 pp.)
Martin, E.J. - Physics for Radiation Protection: A Handbook. Wiley, Weinheim, 2006

7. References

163

Matsushima, U., Kawabata, Y., Hino, M., Geltenbort, P. and Nicolaï, B.M. (2005):
Measurement of changes in water thickness in plant materials using very low-energy
neutron radiography. Nucl. Instr. Meth. A 542:76!80
Merela, M., Oven, P., Ser!a, I., Mikac U. (2009) A single point NMR method for an
instantaneous determination of the moisture content of wood. Holzforschung 63:348351
Moschler, W.W., Winistorfer, P.M. (1990) Direct scanning densitometry: an effect of sample
heterogeneity and aperture area. Wood Fiber Sci. 22(1):31-38
Mouchot, N., Thiercelin, F., Perré, P., Zoulalian, A. (2006) Characterization of diffusional
transfers of bound water and water vapor in beech and spruce. Maderas, ciencia y
tecnología 8 (3):139-147
Nakada, R., Fujisawa, Y., Hirakawa, Y. (1999a). Soft X-ray observation of water distribution
in the stem of Cryptomeria japonica D-Don I: General description of water distribution.
J. Wood Sci. 45(3):188-193
Nakada, R., Fujisawa, Y., Hirakawa, Y. (1999b). Soft X-ray observation of water distribution
in the stem of Cryptomeria japonica D-Don II: Types found in wet-area distribution
patterns in transverse sections of the stem. J. Wood Sci. 45:194-199
Nakanishi, T.M., Okuni, Y., Furukawa, J., Tanoi, K., Yokota, H., Ikeue, N., Matsubayashi,
M., Uchida, H., Tsiji, A. (2002) Water movement in a plant sample by neutron beam
analysis as well as positron emission tracer imaging system. Journal of Radioanalytical
and Nuclear Chemistry 225 (1):149-153
Nakanishi, T.M., Okuni, Y., Hayashi, Y., Nishiyama, H. (2005) Water gradient profiles at
bean plant roots determined by neutron beam analysis. Journal of Radioanalytical and
Nuclear Chemistry 264 (2):313-317
Niemz, P., Lehmann, E., Vontobel, P., Haller, P., Hanschke, S. (2002). Investigations using
neutron radiography for evaluations of moisture ingress into corner connections of
wood. Holz Roh- Werkst. 60(2), 118-126 (in German)
Niemz, P., Mannes, D., Lehmann, E., Vontobel, P., Haase, S. (2004) Untersuchungen zur
Verteilung des Klebstoffes im Bereich der Leimfuge mittels Neutroneradiographie.
Holz Roh- Werkst. 62 (6):424-432 (in German)
Okochi, T., Hoshino, Y., Fujii, H., Mitsutani, T. (2007). Nondestructive tree-ring
measurements for Japanese oak and Japanese beech using micro-focus X-ray computed
tomography. Dendrochronologia 24(2-3) : 155-164
Olek, W., Perré, P., Weres, J. (2005) Inverse analysis of the transient bound water diffusion in
wood. Holzforschung 59:38-45
Olson, J.R., Arganbright, D.G. (1981) Prediction of Mass Attenuation Coefficients of Wood.
Wood Sci. 14 (2): 86-90
Onoe, M., Wen Tsao, J., Yamada, H., Nakamura, H., Kogure.J., Kawamura, H., Yoshimatsu,
M. (1984) Computed tomography for measuring the annual rings of a live tree. Nucl.
Instr. Meth. A 221: 213 220
Osterloh, K., Raedel, C., Zscherpel, U., Meinel, D., Ewert, U., Buecherl, T., Hasenstab, A.
(2008). Fast neutron radiography and tomography of wood. Insight 50 (6):307-311.
Park, W.K., Telewski, F.W. (1993) Measuring maximum latewood density by image-analysis
at the cellular level. Wood Fiber Sci. 25 (4): 326-332

7. References

164

Parker, M.L., Schoorlemmer, J., Carver, L.J. (1973) Computerized scanning densitometer for
automatic recording of tree ring width and density data from X-ray negatives. Wood
Fiber Sci. 5(3):237-248
Parrish, W.B. (1961) Detecting Defects in Wood by the Attenuation of Gamma Rays. For.
Sci. 1961: 136-143
Pelowitz, D.B. (Ed.) MCNPX User's Manual, Version 2.5.0, LA-CP-05-0369, Los Alamos
National Laboratory, 2005
Pfriem, A. - Untersuchungen zum Materialverhalten thermisch modifizierter Hölzer für deren
Verwendung im Musikinstrumentenbau. PhD Thesis TU Dresden, Dresden, 2007 (in
German)
Plagge, R., Funk, M., Scheffler, G., Grunewald, J. (2006) Experimentelle Bestimmung der
hygrischen Sorptionsisotherme und des Feuchtetransportes unter instationären
Bedingungen. Bauphysik 28 (2):81-87
Pleinert, H., Lehmann, E., Körner, S. (1997) Design of a new CCD-camera neutron
radiography detector. Nucl. Instr. Meth. A 399: 382-390.
Pellerin, R.F., Ross, R.J. (2002) Introduction. In: Nondestructive evaluation of wood. Eds.
Pellerin, R.F., Ross, R.J., Forest Products Society, Madison. pp. ix – xi.
Polge, H. (1964) Structural analysis of wood by densitometric studies of radiographs. Joyce
Loebl Review
Polge, H. (1965) New investigations on wood by densitometric analysis of radiographs. Joyce
Loebl Review
Polge, H. - Etablissement des courbes de variation de la densité du bois par exploration
densitométrique de radiographies d’échantillons préleveés à la tarière sur des arbres
vivants. Applications dans les domains technologiques et physiologiques. PhD Thesis,
University of Nancy, 1966 (in French)
Polge, H. (1978) Fifteen years of wood radiation densitometry. Wood Sci Technol 12:187–
196 542(1–3):142–147
PSI

–
Swiss
light
source:
What
is
the
SLS?
Online
available:
http://sls.web.psi.ch/view.php/about/whatis/description/index.html [07/03/2009]

Radon, J. (1917) Über die Bestimmung von Funktionen durch ihre Integralwerte längs
gewisser Mannigfaltigkeiten. Ber. Ver. Sächs. Akad. Wiss. Leipzig, Math-Phys. Kl.,
69:262–277 (in German)
Rant, J., Milic, Z., Istenic, J., Knific, T., Lengar, I., Rant, A. (2006) Neutron radiography
examination of objects belonging to the cultural heritage. Appl. Radiat. Isotopes
64(1):7-12
Rinard, P. (1991) Neutron interactions with matter. In: Passive Nondestructive Assay of
Nuclear Materials. Eds. Reilly, D., Ensslin, N., Smith Jr., H.), Nuclear Regulatory
Commission, NUREG/CR-5550. pp. 357–377.
Rinn, F., Schweingruber, F.H., Schär, E. (1996) Resistograph and X-ray density charts of
wood comparative evaluation of drill resistance profiles and X-ray density charts of
different wood species. Holzforschung 50(4):303-311

7. References

165

Ross, R.J., Pellerin, R.F. (1991) Nondestructive evaluation of wood past, present and future.
Nondestructive Characterization of Material vol 4, ed. Ruud, C.O. and Green, R.E.
(New York: Plenum) pp 59–64
Ross, R.J., Brashaw, B.K., Pellerin, R.F. (1998) Nondestructive evaluation of wood. Forest
Prod. J. 48(1):14-1
Rowell, R.M. ed. Handbook of wood chemistry and wood composites. Taylor & Francis,
Boca Raton, 2005
Rudman, P., McKinnell, F., Higgs, M. (1969) Quantitative determination of wood density by
X-ray densitometry. J. I. Wood Sci. 24, Vol. 4(6):37-43
Sandermann, W., Schweers, W., Hoheisel, H. (1963) Über Dichteuntersuchungen an Holz
und Holzwerkstoffen mit !-Strahlen. Paperi ja Puu 12:pp.6 (in German)
Sasov, A. (2004) X-ray nanotomography. Developments in X-Ray Tomography IV, edited by
Ulrich Bonse, Proc. of SPIE Vol. 5535 (SPIE, Bellingham, WA, 2004) ! 0277786X/04/$15 doi: 10.1117/12.559009
Scheepers, G., Morén, T., Rypstra, T. (2007) Liquid water flow in Pinus radiata during
drying. Holz Roh- Werkst. 65:275-283
Schinker, M.G., Hansen, N., Spiecker, H. (2003) High-frequency densitometry – a new
method fort he rapid evaluation of wood density variations. IAWA J. 24(3):231-239
Schillinger, B., Abele, H., Brunner, J., Frei, G., Gähler, R., Gildemeister, A., Hillenbach, A.,
Lehmann, E., Vontobel, P. (2005) Detection systems for short-time stroboscopic
neutron imaging and measurements on a rotating engine. Nucl. Instr. Meth. A 542 (13):142-147
Schulz, H. (1985) Härteprofile als Hinweis auf verschiedene Festigkeitssysteme im Holz.
Holz Roh- Werkst. 43:212-222 (in German)
Schweingruber, F.H., Fritts, H.C., Bräker, O.U., Drew, L.G., Schär, E. (1978) The X-ray
technique as applied to dendroclimatology. Tree-Ring Bulletin 38:61-91
Schweingruber F.H. - Tree rings basics and applications of dendrochronology. Reidel,
Dordrecht [etc.], 1988
Sheppard, P.R., Graumlich, L.J., Conkey, L.E. (1996) Reflected-light image analysis of
conifer tree rings for reconstructing climate. Holocene 6(1):62-68
Siau, J. F. - Wood: Influence of moisture on physical properties. Virginia Polytechnic
Institute and State University, Keene NY, 1995
Skaar, C. - Wood-water relations. Springer-Verlag Berlin/Heidelberg/New York, 1988
Stampanoni, M., Borchert, G., Wyss, P., Abela, R., Patterson, B., Hunt, S., Vermeulen, D.,
Rüegsegger, P. (2002) High resolution X-ray detector for synchrotron-based
microtomography. Nucl. Instr. Meth. A 491:291–301
Stampanoni, M., Groso, A., Isenegger, A., Mikuljan, G., Chen, Q., Meister, D., Lange, M.,
Betemps, R., Henein, S., Abela, R. (2007) TOMCAT: a beamline for tomographic
microscopy and coherent radiology experiments. Synchrotron radiation instrumentation
PTS 1 and 2. 879: 848-851
Steppe, K., Cnudde, V., Girard, C., Lemeur, R., Cnudde, J.P., Jacobs, P. (2004) Use of X-ray
computed microtomography for non-invasive determination of wood anatomical
characteristics. J. Struct. Biol. 148: 11-21

7. References

166

Steppe, K., Lemeur, R. (2007) Effects of ring-porous and diffuse-porous stem wood anatomy
on the hydraulic parameters used in a water flow and storage model. Tree physiology
27(1), 43-52.
Szymani, R., McDonald, K.A. (1981) Defect detection in lumber: state of the art. Forest Prod.
J. 31 (11):34-44
Takahashi, K., Tazaki, S., Miyahara, J., Karasawa, Y., & Niimura, N. (1996). Imaging
performance of imaging plate neutron detectors. Nucl. Instr. Meth. A 377(1):119-122
Tappi standard (1988) T204. Om-88, Solvent extractives of wood and pulp
Tazaki, S., Neriishi, K., Takahashi, K., Etoh, M., Karasawa, Y., Kumazawa, S., Niimura, N.
(1999) Development of a new type of imaging plate for neutron detection. Nucl. Instr.
Meth. A 424:20-25
Thömen, H. - Grundlegende Untersuchungen zur Herstellung und Mikrostruktur von
Holzwerkstoffen. Habil. Thesis Univ. Hamburg, 2008 (in German)
Tiitta, M., Olkkonen, H., Kanko, T. (1996) Veneer sheet density measurement by the 55Fe
gamma attenuation method. Holz Roh- Werkst. 54:81-84
Tiitta, M. – Non-destructive methods for characterisation of wood material. PhD Thesis Univ.
Kuopio, 2006
Timell, T.E. (1978) Helical Thickenings and Helical Cavities in Normal and Compression
Woods of Taxus-Baccata. Wood Sci. Technol. 12(1):1-15
Tzscherlich, S. - Vergleich verschiedener Verfahren der Feuchte- und Dichtemessung von
Hackschnitzeln mit Gamma- und Neutronenstrahlung. PhD thesis, TU Dresden, 1989
(in German)
Trtik, P., Dual, J., Keunecke, D., Mannes, D., Niemz, P., Stähli, P., Kaestner, A., Groso, A.,
Stampanoni, M. (2007) 3D imaging of microstructure of spruce wood. J. Struct. Biol.
159:46-55
Van den Bulcke, J., Masschaele, B., Dierick, M., Van Acker, J., Stevens, M., Van Hoorebeke,
L. (2008) Three-dimensional imaging and analysis of infested coated wood with X-ray
submicron CT. Int. Biodet. Biodegr. 61:278–286
Wadsö, L. (1994) Unsteady-state water vapor adsorption in wood: an experimental study.
Wood Fiber Sci 26(1):36-50
Walther, T., K. Terzic, K. Donath, H. Meine, F. Beckmann, und H. Thoemen (2006):
Microstructural analysis of lignocellulosic fiber networks. In: U. Bonse (Ed.).
Developments in X-Ray Tomography V. Proc. of SPIE Vol. 6318: pp. 10.
Watanabe, K., Saito, Y., Avramidis, S., Shida, S. (2008) Non-destructive measurement of
moisture distribution in wood during drying using digital X-ray microscopy. Dry.
Technol. 26:590-595
Wiberg, P., Morén, T.J. (1999) Moisture flux determination in wood during drying above
fibre saturation point using CT-scanning and digital image processing. Holz RohWerkst. 57(2):137-144
Williams, S. (1942) Secondary Vascular Tissues of the Oaks Indigenous to the United StatesII. Types of Tyloses and their Distribution in Erythrobalanus and Leucobalanus. B.
Torrey Bot. Club 69(1):1-10

7. References

167

Winter, W. (1994) “Holz – ein Bau”stein:” des 21. Jahrhunderts,“ Bauen mit Holz, 96(4):
274-280 (in German)
Zejma, J., Ban, G., Beck, M., Bialek, A., Bodek, K., Frei, G., Hilbes, C., Kühne, G., Gorel, P.,
Kirch, K., Kistryn, S., Kozela, A., Kuzniak, M., Lindroth, A., Naviliat-Cuncic, O.,
Pulut, J., Severijns, N., Stephan, E. (2005) FUNSPIN polarized cold-neutron beam at
PSI. Nucl. Instr. Meth. A 539(3):622-639
Zillig, W., Derome, D., Diepens, J., Carmeliet, J. (2007) Modelling hysteresis of wood.
Proceedings of the 12th Symposium for Building Physics, 29th to 31th March 2007,
Dresden
Zucker, M. (1940) The technique of inspecting wood poles by x-rays. ASTM Bull. 106:19-26.

8. Acknowledgements

8.

167

Acknowledgements

This dissertation has been accomplished as collaboration between the Institute for Building
Materials (Wood Physics Group) of the ETH Zurich and the Neutron Imaging and Activation
Group of the Paul Scherrer Institute (PSI) in Villigen and I want to thank everyone who has
contributed to its successful completion.
First of all, I want to thank my two supervisors Prof. Dr. Peter Niemz from ETH Zurich and
Dr. Eberhard Lehmann from PSI who gave me the opportunity to carry out this work for their
continuous support and the many constructive discussions and suggestions throughout the
whole doctorate period.
The thesis would not have been possible without the help and support of numerous people
from the two institutes. Therefore, I want to thank all my colleagues from ETH and PSI.
Special thanks to Daniel Keunecke, Philipp Hass and Walter Sonderegger for the many
discussions, the support with the sample preparation and the experiments and the reviewing of
articles and the thesis script. Many thanks for the help with the sample preparation to Thomas
Schnider and Gordan Mikuljan.
Also many thanks to the rest of the members of IfB Wood Physics group for such a nice
working climate: Sebastian Clauss, Stéphane Croptier, Thomas Gereke, Stefan Hering,
Andrea Louys, Matus Joscak and the former members Fritz Bächle, Yvonne Herbers, Martin
Howald, Kristin Junghans, Oliver Kläusler, Julia Schreiber. Thanks for the technical support
to Heinz Richner and Jürg Innhelder.
I want thank NIAG at PSI for their support and the help in conceiving and realising the
experiments. Special thanks to Lidija Josic for elucidating me with the physical background I
was missing and for being such a nice office mate. Gabriel Frei, Stefan Hartmann, Anders
Kaestner, Hans-Ueli Aebersold, Guido Kühne, George Necola, Leo Saladin and Peter
Vontobel for their support and help with the beam-lines and the data evaluation. All the other
colleagues from PSI for the integration in the group and the nice atmosphere especially
Renate Bercher, Bertrand Blau, Alex Bollhalder, Kurt Geissmann, Hajo Heyck, Werner
Wagner and all the others.

8. Acknowledgements

168

Many thanks to the colleagues from TOMCAT for the collaboration and support with the
synchrotron project: Marco Stampanoni and Federica Marone.
I also want to thank the partners from other institutions for their collaboration:
Paolo Cherubini from WSL and Peter Wyss from EMPA.
Many thanks to Prof. Dr. Jan G.M. van Mier (ETH Zurich, Institute for Building Materials,
Fracture Mechanics of Concrete) and Prof. Dr. Dipl. Ing. Alfred Teischinger (University of
Natural Resources and Applied Life Sciences Vienna, Institute of Wood Science and
Technology) who served as co-examiners of this thesis.
Finally, I have to thank my family and friends for their absolute and unquestioned support.
Special thanks to my mother Dorothea for supporting me in all my decisions. Most of all I
want to thank Nina and Leander for their constant unconditioned love and support and for
cheering me up, when I was down from time to time.

9. Publications and Conference presentations

9.

170

Publications and Conference Presentations

Peer-reviewed publications:
Mannes, D., Sonderegger, W., Hering, S., Lehmann, E., Niemz, P. (2009) Non-destructive
determination and quantification of diffusion processes in wood by means of neutron
imaging. Published online 29 June 2009 in Holzforschung DOI: 10.1515/HF.2009.100
Mannes, D., Josic, L., Lehmann, E., Niemz, P. (2009) Neutron attenuation coefficients for
non-invasive quantification of wood properties. Holzforschung 63(4):472-478.
Mannes, D., Marone, F., Lehmann, E., Stampanoni, M., Niemz,P. (2009) Application areas of
synchrotron radiation tomographic microscopy forwood research. Published online 03
June 2009 in Wood Sci.Technol. DOI 10.1007/s00226-009-0257-2
Mannes, D., Cherubini, P., Lehmann, E., Niemz, P. (2007) Neutron imaging versus standard
X-ray densitometry as method to measure tree-ring wood density. Trees – Struct. Funct.
21 (6):605-612
Trtik, P., Dual, J., Keunecke, D., Mannes, D., Niemz, P., Stähli, P., Kaestner, A., Groso, A.,
Stampanoni, M. (2007) 3D imaging of microstructure of spruce wood. J. Struct. Biol.
159 (1): 46-55
Mannes, D., Niemz, P., Lehmann, E. (2006) Study on the penetration behaviour of water in
corner joints by means of neutron radiography. Wood Research 51 (2): 1-14.
Niemz, P., Mannes, D., Lehmann, E., Vontobel, P., Haase, S. (2004) Untersuchungen zur
Verteilung des Klebstoffes im Bereich der Leimfuge mittels Neutroneradiographie,
Holz Roh- Werkst. 62 (6): 424-432.

Other Publications:
Schreiber, J., Niemz, P., Mannes, D. (2007) Vergleichende Untersuchungen zu ausgewählten
Eigenschaften von Holzpartikelwerkstoffen bei unterschiedlicher Belastungsart.
Holztechnologie 48 (1):15-24.
Bonoli, C., Niemz, P., Mannes, D. (2005) Untersuchungen zu ausgewählten mechanischen
Eigenschaften von Eschenholz. Schweiz. Z. Forstwes. 156 (11):432-437.
Märki, Ch., Niemz, P., Mannes, D. (2005) Vergleichende Untersuchungen zu ausgewählten
mechanischen Eigenschaften von Eibe und Fichte. Schweiz. Z. Forstwes. 156 (3-4):8591
Baum, S., Mannes, D. (2003) Ideengeber Holz - ein Überblick, Schweiz. Z. Forstwesen 154
(12):494-497
Mannes, D. (2003) Zukunftsideen für Holz und Holzwerkstoffe, Holz-Zentralblatt 13: 211

9. Publications and Conference presentations

171

Conference Proceedings:
Mannes D., Lehmann E., Niemz P. (2007) Tomographic investigations of wood from
macroscopic to microscopic scale. 15th International Symposium on Non-destructive
Testing of Wood, Duluth, Minnesota. September 9-12
Mannes, D., Niemz, P., Lehmann, E. (2006) Investigation of wood properties by means of
neutron imaging techniques. Proceedings 6th International PhD Symposium in Civil
Engineering - Zurich
Mannes, D., Niemz, P., Oswald, S., Lehmann, E. (2006) Investigation of water transport
processes in plants by means of neutron imaging techniques. Proceedings of the 5th
Plant Biomechanics Conference – Stockholm, August 28 – September 1 2006; Volume
II, pp. 393-398.
Mannes, D., Kläusler, O., Lehmann, E., Niemz, P. (2005) Neutronenradiographie als Methode
zur Ermittlung des Eindringverhaltens von Klebstoffen in Holz. WKI – Workshop
“Klebstoffe für Holzprodukte”. Baunschweig, Germany.
Mannes, D., Kläusler, O., Lehmann, E., Niemz, P. (2005) Investigations on the penetration
behaviour of adhesives in wood by means of neutron radiography. Proceedings of the
14th International Symposium on Nondestructive Testing of Wood – Hannover,
Germany.

Posters
Mannes, D., Keunecke, D., Marone, F., Stampanoni, M., Lehmann, E., Niemz, P. (2009)
Tomographic wood microscopy based on synchrotron radiation. Workshop
“Experimental and computational methods in wood micromechanics”, COST Action
FP0802, May 11-13, 2009, Vienna, Austria
Keunecke, D., Mannes, D., Marone, F., Stampanoni, M., Lehmann, E., Niemz, P. (2009)
Synchrotron micro computer tomography on wood specimens. 4th MRC Graduate
Symposium, June 10, 2009, ETH Zurich, Zurich, Switzerland
Mannes, D., Lehmann, E., Grabner, M., Niemz, P. (2008) Imaging with cold neutrons for the
determination of tree rings in deteriorated wood. EuroDendro, May, 28th to June, 1st
2008 Hallstatt, Austria
Lehmann, E., Mannes, D., Cherubini, P., Niemz, P. (2008) Neutron transmission imaging
with imaging plates detectors as competitive method for tree ring determination.
EuroDendro, May, 28th to June, 1st 2008 Hallstatt, Austria
Mannes, D., Lehmann, E., Niemz, P. (2006) Wood Analyses using Transmission Radiation
Measurements. 1st MRC Graduate Symposium, June 29, 2006, ETH Zürich, Zurich,
Switzerland

