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Abstract In the paper we present our results for
element sensitive high-energy X-ray tomography
and high-speed thermal neutron tomography
applied to geological samples. The tuneable
monochromatic X-ray beam was used for element
sensitive tomography of geological samples
containing heavy elements using the K-edge
dichromatic scanning technique. This type of NDT
(non-destructive testing) allowed us to reveal the
quantity and location of uranium, lead and
mercury in Oklo samples (natural nuclear reactor)
and Cinnabar stones. Fast 3-D thermal neutron
imaging of dynamical processes was successfully
tested at the high flux neutron tomography station
of the ILL. The qualitative investigation of water
repellents and consolidants applied on sandstones
of Bray and limestones of Maastricht were the first
samples to be studied with the new imaging
technique.
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Introduction

The interesting properties of X-rays for imaging have
been well known since they were discovered about
100 years ago, in 1895, by W.H. Röntgen. Since 1973, X-ray

tomography has become popular with the invention of the
CT-scanner by Hounsfield (1973). X-ray imaging is still
evolving, e.g. phase-contrast imaging, submicron tomog-
raphy. Also, on the technological side, many developments
were realised, e.g. X-ray optics, micro focus X-ray tubes,
high resolution scintillators. More information about re-
cent development in tomography can be read in the paper
by Rau and others (2001). Here, we focus on computed
tomography (CT) with a high-energy (70–116 keV),
tuneable monochromatic X-ray tomography applied to
geological samples. With this type of X-ray beam it is
possible to identify both location and quantity of specific
elements in geological objects, something that is not pos-
sible with a polychromatic or broad spectrum X-ray beam.
Synchrotron radiation facilities are the ideal instrument
for this kind of research due to their enormous X-ray
production yield. On the other hand, these facilities
show some disadvantages: there are only 16 facilities in
Europe and beam time has to be planned a long time in
advance. Our research was done at the high-energy
beam-line at the European Synchrotron Radiation
Facility (ESRF) in France to study the uranium distri-
bution in a rock sample from the natural fission reactor
Oklo in Gabon.
In contrast to X-ray imaging, the possibilities of neutrons
for imaging are less known. There are indeed fewer neu-
tron sources and they are much more complicated. The
most used facilities for neutron imaging are nuclear
research reactors, followed by neutron spallation sources,
which are accelerator-driven sources. Because the prop-
erties of neutrons differ widely from X-rays, a comple-
mentary range of applications can be found. Due to the
different nature of interactions and the complementary
Z-dependent cross sections, X-rays are mainly used to
monitor samples that contain light elements whereas
neutrons are interesting probes for the investigation of
samples containing light elements such as hydrogen,
lithium, boron and aluminium.
Both, monochromatic X-ray and neutron imaging
techniques use the exponential attenuation law:

I ¼ I0e�
R

l x;Eð Þdx ð1Þ

with l the energy-dependent linear attenuation coefficient
and I0 the intensity of the beam without attenuation.
The differences between X-rays and neutrons, relevant to
imaging, are shown in Table 1.
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Experimental set-up used
for computed tomography

The standard procedure for tomography is to measure the
attenuation of radiation through a sample from different
orientations. The recorded patterns are used to reconstruct
the 3-D attenuation distribution for the whole sample. A
completely automated transportable measurement set-up
was developed, of which a schematic presentation can be
seen in Fig. 1. After interacting with the sample, the X-rays
are converted to visible light in a scintillating screen. To
protect the CCD camera from damaging radiation, the
scintillator (YAG) is observed via a surface coated mirror.
The entire system is shielded with lead and lead glass. The
spatial image resolution is 12 lm.
In cases of neutron tomography, a second mirror is used
to reduce the c and neutron background radiation in the
direction of the CCD camera. The neutron-to-visible light
converter, manufactured by Applied Scintillation Tech-
nologies, consisted of a dispersion of ZnS(Ag) and 6LiF in
an acrylic binder. The detection mechanism is based on

the 6Li(n,a)3H nuclear interaction. The a’s and the tritons
interact with the phosphor to create scintillation events
that can be detected by the CCD camera. The conversion
screen emits a visible light spectrum with a maximum
intensity at 460 nm. More information can be found on the
Web at http://www.appscintech.com/products/neutron-
protection-screens.html. The advantage of this converter is
the relatively low sensitivity to background c radiation.
This ZnSLiF layer is deposited onto a reflecting aluminium
plate to increase the intrinsic efficiency. The thickness of
the converter is 420 lm. To increase the resolution,
thinner scintillators were tested, see Baechler and others
(2001).

Results of monochromatic X-rays
for element sensitive tomography

Principle
Heavy elements have large photon absorption disconti-
nuities around the energies corresponding to the binding
energy of the atomic electrons with the nucleus. These
discontinuities are called absorption edges. The abrupt
change of the X-ray attenuation around the edge, together
with the fact that the K-shell electron binding energy is
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Fig. 1
Schematic representation of the X-ray tomography set-up. In the
case of neutrons a second mirror is used to reduce the number
of scattered neutrons and c’s in the direction of the camera

Table 1
X-rays versus neutrons

X-rays Neutrons

Interact with electrons around the nuclei Interact with nucleus
Cross section increases with the atomic number Cross section depends on nuclear structure, but mostly

decreases with atomic number
Insensitive to isotopes Sensitive to isotopes
Cross section decreases with increasing energy Cross section decreases with 1/v-law
Cross section shows discontinuities around electron binding energies Cross section shows discontinuities around Bragg cut-off

locations and nuclear resonances
No nuclear activation of samples Nuclear activation of samples
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different for every element, makes it possible to perform
element-sensitive radiographs.
High-energy X-rays have two advantages. For energies
below 511 keV, the X-ray absorption coefficient decreases
with energy. Therefore, hard X-rays can penetrate thicker
or denser samples than low energy X-rays. Heavy elements
have K-edges at high energy with large discontinuities,
which makes them extremely suitable for element sensitive
tomography based on dual energy scanning. Another
advantage of monochromatic X-ray beams in comparison
with white or polychromatic beams is the absence of beam
hardening. Hardening of the beam leads to artefacts that
are very difficult to correct.
By using a crystal monochromator it is possible to change
the photon energy in a continuous way by changing the
Bragg angle.

Synchrotron radiation source ESRF
For all experiments at the ESRF, a super-conducting
wavelength shifter at ID15 was used. There are three

permanent filters in the beam (i.e. 0.7 mm C, 4.0 mm Be,
4.1 mm Al). Beam intensity was 5.13·1013 photons
s-1 mrad–2, 0.1% energy bandwidth, 0.1 A at 95 keV. The
energy resolution was 1 keV. The polychromatic X-ray
beam was converted into a monochromatic beam by
means of two 5-mm-thick asymmetrically cut Si crystals
operating in fixed Laue-Laue mode.

Element sensitive X-ray microtomography applied to Oklo
A number of samples from the natural fission reactor Oklo
in Gabon were studied with tuneable monochromatic
X-ray tomography to determine the uranium and lead
distribution. With X-ray absorption tomography it is not
possible to separate the isotope 235U from the isotope 238U.
Therefore the same Oklo samples were also scanned with
position-sensitive prompt gamma activation analysis
(PGAA). Natural uranium has always the same isotopic
composition: 99.27% uranium-238, 0.72% uranium-235
and traces of uranium-234. The uranium samples from the
Oklo mine showed a lack of 235U, which can only be
explained by some process other than simple radioactive
decay. In 1972, a French physicist Francis Perrin formu-
lated the theory of the first nuclear reactor, Smellie (1995).
Figure 2 shows a radiography of the Oklo stone with
monochromatic X-rays at 87 keV, together with the result
of an element-sensitive tomography reconstruction of the
U-distribution (b) and the Pb-distribution (c),
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Fig. 2
Sample from a natural nuclear reactor of Oklo in Gabon.
a Radiograph at 87 keV, b 3-D reconstruction of the uranium
distribution, c 3-D reconstruction of the lead distribution, d bars
show the individual distributions of 235U and 238U (respectively, left
and right) measured with PGAA. Resolution of the PGAA-scan was
1 mm. Colour of the images corresponds to density, while darker
means higher density. Absolute values are not indicated
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respectively. The lead in the sample is generated by the
radioactive decay of 238U. A PGAA scan of the same Oklo
sample shows the relative distribution of the 235U and the
relative distribution of the 238U (both relative to the
maximum concentration in the sample). In natural ura-
nium-containing samples both bars should look identical.
This is clearly not the case for this Oklo sample, which
therefore proves this sample was part of a natural nuclear
reactor.

Element-sensitive X-ray micro tomography
applied to Cinnabar stone

The second sample submitted to element-sensitive
tomography is a cinnabar stone from a mercury mine in
Tuscany (Italy). Using a monochromatic X-ray beam with
energy just above the K-edge of mercury, the absorption
contrast is very high. This allows to clearly identify the
mercury (the layer on top of the sample). With a dual
energy scan, above and below the K-edge of mercury, the
mercury in the stone can be visualised and its exact
mercury density and quantity determined (Fig. 3b).
Indeed, after reconstruction, atomic density q(Hg), the
attenuation coefficient l(E)/q for mercury and the sample
dimension are known.
Some commercial X-ray devices also use a dual energy
technique to identify objects within samples by changing
the high-voltage on the X-ray tube. Additionally, dedicated
image processing is used to separate different objects
superimposed on one another in the projected image. The
measured densities are compared with library values of the

densities of known materials. This method is nowadays
commonly used in airports for the detection of weapons
and explosives.
More results on monochromatic X-ray tomography can be
found in Bonse and others (1986), Jolie and others (1999),
Materna and others (1999), Masschaele and others (2001a).

Results of neutrons for geology
and structural engineering

Deterioration of natural building stones is a widely
spread phenomenon. To minimise the rate of stone
decay, water repellents are applied in order to reduce or
prevent water penetration into the stones. Due to
weathering, the cement between the grains of natural
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Fig. 3
a Reconstruction of a cinnabar
stone measured with a mono-
chromatic X-ray beam.
b Reconstruction of the mercury
content inside the cinnabar
stone measured with the dual
energy technique

Table 2
Tomography station beam parameters. L/D Ratio of the distance
collimator-sample L and collimator opening D

Neutron energy Thermal + fast

Neutron intensity 2.9E9 neutrons/s cm2

Beam divergence horizontally 11.4 mrad
Beam divergence vertically 7.6 mrad
L/D horizontally 115
L/D vertically 132
Image resolution horizontally 1.14 mm
Image resolution vertically 0.76 mm
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building stones is dissolved. At this point a consolidant
will be applied, whose major function will be to re-estab-
lish cohesion between particles. Consolidants are intended
to strengthen weakened stone and slow down the rate of
surface loss by binding loosened grains. Because every
type of natural building stone has its own petrophysical
characteristics, they will react differently on the various
restoration products available on the market. Determina-
tion of the penetration depth of restoration products into
natural building stones is crucial if application of con-
servation products is planned. Several test methods, such
as measuring of the water droplet absorption time, visual

observation of colour changes on wetting and drying,
water vapour permeability or strength tests (Young and
others 1999), try to determine the penetration depth by
measuring superficial characteristics. Because water lowers
the contrast between fluids and stone, water repellents and
consolidants are hard to visualise with X-rays; therefore,
thermal neutron radiography was tested.
For this study, porous local Belgian natural building
stones, such as sandstone of Bray and limestone of
Maastricht, were selected. Both types were chosen because
of their high porosity and their pure (mono-) mineralog-
ical composition. The sandstone of Bray is a quartz arenite
of Upper-Landenian age (Palaeocene, Tertiary). This
natural building stone was used for the construction of
different important monuments in Aulné, Binche, Bray
and Mons (all Province of Hainaut, Belgium). The
limestone of Maastricht (Sibberstone) is a yellow highly
porous bioclastic limestone (Formation of Maastricht,
Maastrichtian, Upper Cretaceous) that can be found in
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Fig. 4
Six neutron radiographies acquired during a water uptake process
from 0 to 40 s (from upper left to lower right)

Fig. 5
Water level and water uptake speed as a function of time in a
Maastricht limestone sample
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southern Limbourg (Belgium) and in the region of Maas-
tricht (the Netherlands).
The measurements were made at the 58 MW nuclear
reactor of the ILL in Grenoble (France). The tomography
station has the highest neutron intensity for neutron
imaging in the world. The specifications are detailed in
Table 2.
Although the radiographical spatial resolution is not
optimal due to the large beam divergence, high-speed
thermal neutron radiography and tomography are ideal
tools to study dynamical processes, provided that the
neutron beam flux is high.
More information about the neutron tomography can be
found in Masschaele and others (2001b) and on the
Web site http://.ssf.ugent.be/linac/linac/tomography/
results ILL.htm.

3-D neutron imaging to monitor fluid
movement in building materials

Neutron radiography has been used in the past for the
visualisation of fluids in porous media by a number of
research teams: Prazak and others (1990), Jasti and Fogler
(1992), Pel and others (1993). In a first test, we demon-
strated that the uptake of water repellents and consoli-
dants inside the stone could be visualised with neutrons.
And secondly, due to the very high neutron flux, we
showed that tomography of these processes is possible.
A Maastricht limestone sample with a porosity of 52.1%
had been treated with the water repellent Hydro 10 (pro-
duced by FTB Restoration, Belgium). The sample size was
38 mm3. Its right side was treated with water repellent. The
neutron radiography aimed at testing if water also pene-
trated into the treated part of the limestone (Fig. 4).
Consecutive pictures at known time intervals allowed us to
determine the speed of water uptake.
Figure 5 plots water level and water uptake speed as a
function of time. Water uptake speed was retrieved by
differentiating a fifth order polynomial fit through the
water level data points. Even after 2 h water could not be
detected in the treated part of the limestone. This could
either mean that the sensitivity of the technique is not
sufficient or that indeed no water penetrated into the
treated part of the stone. Although at first sight this seems
qualitative, the neutron imaging technique can also
perform quantitative analyses. But more experiments are
needed in order to establish a solid standard technique.
Figure 6 indicates the result of the 3-D evolution of the
water level in a Ytong building stone (autoclaved aerated
concrete). These results were obtained after tomographic
reconstruction with the software package Octopus. More

information about Octopus can be found in Dierick and
Masschaele (2002) and on the Web at http://ssf.rug.ac.bc/
linac.
In this type of building stone, the outside material has a
higher water uptake speed than the interior part. This
result suggests we need to be careful with visual inspection
of water absorption in stones as their outside aspect can-
not be used to draw conclusions about the bulk absorp-
tion. To our knowledge this is the first time that fluid
movement has been visualised with neutrons in 3-D.

Discussion

Both monochromatic X-rays and neutrons show interest-
ing properties for tomography applications in the field of
geosciences. Element-sensitive X-ray tomography can be
applied as a non-destructive testing (NDT) technique for
heavy element detection, while neutron imaging is an
interesting tool for the visualisation of fluid uptake in
natural building stones. As neutrons and X-rays have
completely different attenuation coefficients for the same
elements, they are complementary to one another. In
neutron tomography, the image spatial resolution is at
present limited to 100 lm (Lehmann and others 1999).
This high value is due to the conversion screen thickness,
neutron beam divergence and neutron scattering in the
samples. However, due to its NDT character, neutron
tomography has a large potential to monitor fluid
dynamics in various types of porous rocks such as natural
building stones.
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