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Computed X-ray tomography is a technique that produces cross sections of an object
from a series of projections at different angles. The technique has found widespread
use in medical CAT scanners, which typically have resolutions of ~1 mm. Microtomo-
graphy is the extension of this technique to smaller spatial resolution down to <1 pm.
In the last 15 years the development of high-brightness synchrotron X-ray sources, high-
resolution CCD detectors, and high-performance computing have allowed the field of
microtomography to progress rapidly. It is now being applied widely in Earth and
soil science, where it is used to image the 3-D distribution of minerals, fluids, and
pores. By exploiting X-ray absorption edges, 3-D images of the distribution of specific
chemical elements can be produced. This is used to image the distribution of aqueous
and organic fluids that have been doped with contrast agents such as iodine and
cesium. The method is also being used to locate trace-mineral phases containing
high-atomic-number elements such as zirconium and cerium. With fluorescence tom-
ography 3-D images of trace element abundances and even oxidation states can be pro-
duced. This is being applied to understand the chemical contamination and remediation
by plants in the environment. Diffraction tomography images the 3-D distribution of
crystalline phases based on their powder diffraction peaks, and is very useful for
imaging materials with similar X-ray absorption and composition but different crystal-
line structures.

1. Introduction to Computed Tomography

1.1. Overview

Computed tomography is a technique which produces a cross-section of an object from
a series of projections collected at different angles. The fact that this can be accom-
plished at all is not intuitively obvious, and the 1979 Nobel Prize in Physiology or
Medicine was awarded to Allan Cormack and Godfrey Hounsfield for their invention
of the Computer Assisted Tomography (CAT) technique. So-called CAT scanners
developed rapidly and have revolutionized medical imaging by quickly providing a
series of virtual slices through the body. Medical CAT scanners typically have a resol-
ution of ~0.5—1 mm, which is sufficient for many medical imaging problems.
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The most common type of computed tomography is based on X-ray absorption in the
sample. When X-rays travel through a sample they are absorbed according to the fam-
iliar Beer’s law:

I/Iy = exp™™ (1)

where [ is the transmitted intensity, I, is the incident intensity, ¢ is the thickness of the
sample, and w is the linear X-ray absorption coefficient. . is a function of both the
sample material and the X-ray energy. w depends linearly on the sample density,
but is a very strong function of the atomic number of the elements present in the
sample. w decreases rapidly with increasing X-ray energy, except in the region of
X-ray absorption edges where there is a sharp increase in w as the X-ray energy
crosses the edge.

In addition to traditional absorption contrast tomography, several other contrast
mechanisms have recently begun to be employed. One is phase contrast, which is
based on the difference in the X-ray phase (real part of the complex X-ray refractive
index) between two materials. Phase contrast varies much more slowly with X-ray
energy than absorption (the imaginary part of the X-ray refractive index). Phase con-
trast also varies more slowly with atomic number than absorption, so even low-Z
elements such as carbon have significant phase contrast at high X-ray energies.
Phase contrast is thus an excellent technique for looking at interfaces in low-Z
materials, such as in plants and the soft tissue of animals. Another contrast mechanism
is X-ray fluorescence, which provides trace element sensitivity, but has a number of
constraints on collection time and sample size which are discussed below. Finally,
contrast based on X-ray powder diffraction can be used to image the distribution of
crystalline phases.

1.2. Microtomography

The spatial resolution of the medical scanners is not sufficient for many problems in
materials science, biology, and Earth science, where resolutions in the micron range
or below are required for many problems. This has led to the development of computed
microtomography systems with significantly better spatial resolution and smaller fields
of view. These have developed in three ‘generations’, largely due to improvements in
X-ray detectors (Figure 1).

First-generation tomography employs a pencil beam and a detector with no spatial
resolution. Such detectors include ion chambers, photomultiplier tubes, and photo-
diodes. In first-generation tomography the sample must be translated into number-
of-pixels steps across the beam to measure the line-integral of each ray at one angle.
The sample is then rotated by a small amount (180°/number-of-angles), and the
translation scan performed again. The data for a single slice requires number-of-
pixels * number-of-angles moves and measurements, and is thus quite slow. Collecting
multiple slices to construct a 3-D dataset requires movement of the sample vertically,
and repeating the translate/rotation operations. One advantage of this method is that
the X-ray beam can be collimated tightly just in front of the detector to eliminate
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Figure 1. Experimental approaches for X-ray computed tomography. P = primary beam, C = collimator,
O = object, S =slit, D = detector. (a) First Generation using a pencil beam. Sample is translated and
rotated to collect a single slice. (b) Second Generation using a fan beam. Sample is rotated to collect a
single slice. (¢) Third generation using a parallel beam such as from a synchrotron. Sample is rotated to
collect multiple slices. (d) Third generation using a cone beam from an X-ray tube. Sample is rotated to
collect multiple slices.

scattered X-rays from the sample. This leads to greater data quality compared to 2-D
detectors used in third-generation tomography, where collimation is very difficult, par-
ticularly with small pixel sizes.

Second-generation tomography uses a fan beam and a 1-D detector. It can thus
measure all of the projections for a single slice of the sample at a single angle simul-
taneously. This speeds up the data collection, as now the sample only needs to be
moved for each angle, but not for each pixel. It is still possible to collimate the trans-
mitted beam in front of the detector in the vertical direction, again to reduce the
scatter signal. A 3-D data set requires number-of-angles * number-of-slices moves
and measurements, so this setup is still rather slow.

Third-generation tomography uses either a large parallel beam from a synchrotron
or a cone beam from an X-ray tube, and a 2-D detector. This technique is much
faster, as a complete 3-D dataset requires only number-of-angles rotations of the
sample and no translations. The technique typically does not have ability to shield
against scattered X-rays, which can reduce the image quality.

The field of microtomography has advanced rapidly in the last 15 years due to
the introduction of third-generation tomography systems. These developments
have been made possible due to advances in X-ray sources, detectors, and computer
systems.

Q4
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1.3. Laboratory X-ray sources

X-ray microtomography systems can be laboratory-based or synchrotron-based.
Laboratory-based systems use X-ray tubes as the source. These tubes can be optimized
for high spatial resolution, and employ micro-focus electron beam spots, relatively low
accelerating voltage (<100 kV) and relatively low tube current (<10 mA). Such
sources are well suited to small low-Z samples to be imaged at high resolution. For
imaging large samples, tubes operating at high voltages (>200 kV) and higher currents
are used, because the electron beam spot can be larger. Regardless of tube type, labora-
tory sources are polychromatic; the X-rays include the characteristic emission lines of
the tube anode (Cu, Mo, W, etc.) and also the broadband bremsstrahlung radiation.
Tube sources emit X-rays in all directions, and laboratory tomography system collect
a significant angular range in both second-generation fan-beam and third-generation
cone-beam geometries (Figure 1). Because they have a diverging X-ray beam, labora-
tory sources have X-ray magnification determined by the ratio of the distances from
the source to the sample and from the source to the detector. Because laboratory
systems utilize a broad energy range and a significant angular range they are more com-
petitive with synchrotron systems than the brightness ratio of the sources (10° or more)
would suggest. However, laboratory systems are subject to several artifacts. The first
is due to the fact that when using polychromatic radiation, the value of w in equation
1 is not well defined. Each X-ray energy passing through the sample has a different
p value. The lower-energy X-rays are absorbed more rapidly in passing through the
sample than the high-energy X-rays. This leads to beam-hardening artifacts, which
cause a uniform object to appear to be less absorbing (lower ) in the interior than on
the edges. These artifacts can make it difficult to segment the images because regions
of the same material appear to have different p values depending on their location in
the sample. Beam hardening artifacts can be reduced by pre-hardening the beam with
absorbers during data collection, or by software corrections during data process-
ing. The second type of artifact arises when the cone-beam angle is large. It is not
possible to do an exact tomographic reconstruction in this case, and geometric arti-
facts occur.

1.4. Synchrotron X-ray sources

Synchrotron radiation is an excellent source for microtomography systems (Kinney and
Nichols, 1992; Sutton et al., 2002). The details of synchrotron radiation are covered in
the chapter by Waychunas (2014, this volume). Bending magnet and wiggler sources
provide relatively large beams, up to 100 mm wide or more, and typically 3—8 mm
high at the sample position, depending on the energy of the storage ring, the X-ray
energy, and the distance of the sample from the source. These sources are inherently
broad bandwidth, but they are sufficiently intense that monochromators can be installed
to select a small-energy bandwidth. High-resolution crystal monochromators, such as
Si (111) with bandwidths of ~10~* can be used. Multilayer monochromators provide
much larger bandwidths (~10"2) and thus greater flux, though typically at the
expense of a lower high-energy limit than crystal monochromators. Because
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synchrotron microtomography is generally performed with such monochromatic X-ray
beams it is not subject to the beam hardening artifacts of laboratory systems.

Because the source is far from the sample, typically 20—60 m, and the sample is rela-
tively small, typically 10 mm or less, the X-ray divergence angle on the sample is very
small. For example with a 10 mm sample 50 m from the source, the range of angles on
the sample is only 0.2 mrad. This means that if the sample width covers 1000 pixels on a
detector, the divergence is only 0.2 pixels, and the beam can be considered to be parallel
for practical purposes. The parallel beam geometry greatly simplifies tomographic
reconstruction, and eliminates the cone-beam artifacts described above. The parallel
beam does, however, require that the detector system have small pixels, because there
is no X-ray magnification unlike laboratory tube-based systems.

Synchrotron undulator sources produce much more intense X-ray beams that are
highly collimated in both the horizontal and vertical directions. Typical beam sizes at
the sample position 50 m from the source is 2 mm horizontally and 1 mm vertically.
Undulators are thus excellent sources for imaging small samples, while bending
magnets and wigglers are better for larger samples.

It is also possible to use the beam from a bending magnet, wiggler, or undulator
without a monochromator. This is called ‘white beam’ imaging if there is no X-ray
mirror in the path, or ‘pink beam’ if the X-rays are first reflected from a mirror. With
white or pink beam the flux is increased by a factor of 10°~10*. This allows very
high-speed imaging, with time resolution down to the 100 ps single-bunch time of the
storage ring, but more commonly in the millisecond range. White beam, typically fil-
tered with absorbers to remove low-energy X-rays, is often used for high-energy tom-
ography at beamlines where the high-energy flux is too low to use a monochromatic
beam. Of course when using white or pink beams the beam hardening artifacts described
above for tube sources can also be a problem.

Both laboratory and synchrotron sources have advanced significantly in the
last 15 years. Laboratory sources are now available with much smaller X-ray source
diameters, which greatly reduces penumbral blurring in imaging applications. Synchro-
tron sources have increased in energy with 6—8 GeV sources, and greatly increased in
brightness with the development of very low-emittance storage rings and undulator
sources.

1.5. Detectors

Third-generation microtomography is possible due to the rapid recent advances in 2-D
charge-coupled device (CCD) and complementary metal-oxide semiconductor (CMOS)
detectors. Such detectors were not available before ~20 years ago, and they have
improved rapidly. Detectors with 5 million pixels or more that can be read out at up
to 100 frames/s are now available. CCD detectors and new scientific CMOS detectors
have very low read noise (<10 electrons). For tomography applications the transmission
is typically at least 10% and the noise is most often limited by the Poisson statistics
rather than the read noise of the detector. The Poisson is limited by the number of elec-
trons in the full-well of the detector (Rivers et al., 2010).
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The 2-D semiconductor detectors (CCD and CMOS) are generally not well suited for
direct detection of X-rays. This is both because the Si is too thin (<300 wm) to effi-
ciently detect the X-rays, and also because a single X-ray produces thousands of elec-
trons, which will fill up the full well capacity of a pixel with fewer than 100 X-rays.
Instead of directly illuminating the CCD the X-ray are first converted to visible light
with a scintillator. For high-resolution tomography thin single-crystal scintillators
made of yttrium aluminum garnet (YAG), lutetium aluminum garnet (LuAG), Csl, or
CdWO, are commonly used. The visible light is then imaged onto the CCD detector
using lens or fiber-optic coupling. By using interchangeable lenses the system is more
flexible, because the magnification and hence field of view and resolution can be
changed easily. The thickness of the scintillator involves a trade-off between efficiency
and spatial resolution, and this is a function of X-ray energy. Thicker scintillators
absorb a larger fraction of the X-rays, but at the expense of resolution due primarily
to the depth of focus effect, but also X-ray and visible light scatter. Scintillators of
100—-250 pm are commonly used for spatial resolutions of a few microns, but for
sub-micron resolution, thinner scintillators must be used.

1.6. Computers

Computed tomography is very data intensive, and is always pushing the limits of com-
puter technology. For example, in 1987 the time to collect a single 512 x 512 pixel
tomographic slice using first-generation CT was ~1 h, and it also took ~1 h to recon-
struct that slice on a MicroVAX workstation (Spanne and Rivers, 1987). A single slice
would have required ~ 1% of the storage of a state-of-the-art 600 MB disk at that time.
Today a 2048 x 2048 x 2048 voxel dataset can be collected in a few minutes with a
CCD detector and the entire dataset can be reconstructed in <2 min on a single 8-
core workstation (Rivers, 2012). Such a dataset requires 32 GB on disk, which is
~3% of a current 1 TB hard disk. It requires a workstation with 24 GB of random
access memory or more. The improvements since 1987 are close to a factor of a
million, and current computed tomography would be impossible without these gains.

2. Absorption Tomography

The following section describes important aspects of how absorption tomography is per-
formed, including parameter optimization, data collection, data reconstruction, and data
analysis.

2.1. X-ray energy and sample size

X-ray absorption is a strong function of the sample composition and X-ray energy. It is
thus essential to select the X-ray energy to match the sample size and composition. The
characteristic absorption depth, i.e. the depth at which the transmission is 1/e or 36.8%
for some common minerals is shown in Figure 2. The energy to achieve this trans-
mission through 1 mm of quartz is ~18 keV. The same thickness of calcite requires
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Figure 2. The characteristic (1/e) absorption depth for some common minerals as a function of X-ray energy.

24 keV, while magnetite and chalcocite require 45 and 55 keV respectively. The
optimum sample thickness results in transmission between ~e ' and e~ 2, or 14% to
37%. This is a tradeoff between having sufficient absorption to be able to detect it
from the noise in the counting statistics, and not too much absorption so there are suffi-
cient X-rays transmitted to be able to measure with good statistics. The maximum
absorption along a ray is what is important. At 20 keV, for example, magnetite has a
1/e depth of ~25 pum. This means that if two 50 wm crystals of magnetite are
located in the same slice, then there will be some rays that will have to pass through
100 wm of magnetite, and the transmission will be only e * = 1.8%. The absorption
is so large that the measurement will be subject to large uncertainty, and may lead to
artifacts in the reconstruction. There will be an upper limit to the size of the sample
that can be imaged on a given instrument based on the X-ray energies available and
the sample composition.

2.2. Data collection

A schematic of a third-generation setup at a synchrotron is shown in Figure 3. Data
collection for third-generation absorption tomography consists of taking a series of
2-D projections or radiographs at small angular steps as the sample is rotated from
0 to 180°. The minimum angular step size can be calculated as follows:

—  The detector has N pixels in the direction perpendicular to the rotation axis, each
pixel is size P, so the detector width is NP.
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Figure 3. Schematic of a typical setup for third-generation tomography at a synchrotron. A parallel beam of
monochromatic X-rays enters from the right and passes through the sample and is partially absorbed. The X-
rays then strike a scintillator crystal which converts the X-rays into visible light, which is then imaged with a
lens and CCD camera. Data collection consists of rotating the sample over 180° and collecting images at fine
angular steps, e.g. every 0.2°.

—  Consider a sample that fills exactly the field of view of the detector, so the sample
diameter is also NP and its radius R = NP/2.

—  Consider a point on the sample that is in the center of the field of view on the
upstream or downstream periphery of the sample, so its distance from the rotation
axis is NP /2.

—  What is the angle that moves that point on the sample by exactly 1 pixel?

The solution is that the angle step 6 = P/R = 2/N. The number of angles to cover
180° (1) is wN/2. Thus, if the rotation axis is vertical and the detector has 1024
pixels in the horizontal direction one should collect 1608 angles. In practice, fewer
than N/2 angles are collected in many cases, to reduce measurement time, but if the
number of angles is too small it will lead to aliasing and artifacts. Improved image
quality can be obtained by collecting more than the required number of angles
because of simple signal to noise considerations: more measurements reduces statistical
noise, typically as the square root of the number of X-rays collected.

Several important mechanical alignment requirements are involved when collecting
tomography data. For the third-generation parallel beam geometry (Figure 1c) these
are: (1) the rotation axis must be perpendicular to the X-ray beam propagation direction;

Q1
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and (2) the rotation axis must be parallel to the columns of the 2-D detector. If these
alignments are correct then, as the sample is rotated, each row of the detector collects
data from the same slice perpendicular to the rotation axis. Conversely, if these align-
ments are not correct then each detector row contains information from multiple
slices, and image artifacts will result.

2.3. Data normalization

In addition to the projections of the sample (PJ) it is necessary to obtain data for the dark
current (DC) and the flat field (FF). The dark current is the signal measured in the detec-
tor when the X-ray beam is turned off. The flat field is the signal in the detector with the
sample completely removed from the X-ray beam. The projections are normalized as
follows

Ploormatized = (PJraw - DC)/(FF - DC) (2)

Each pixel in the normalized projection thus represents I/1y, the transmitted intensity
divided by the incident intensity. This is the line integral of the absorption along that ray
through the sample. If the detector is 1 K x 1 K pixels and 1000 projections are col-
lected there are >1 billion measurements of 1/1!

The above steps are shown in Figures 4—6 for an example data set of a soil aggregate.
This was imaged on the 13-BM-D beamline at the Advanced Photon Source at Argonne
National Laboratory. The measurement parameters are shown in Table 1.

A total of 900 raw projections
was collected as the sample was
rotated over 180° (Figure 4). The
dark current for this detector is a
uniform 100 counts in every pixel
when there are no X-rays, indepen-
dent of exposure time. This value
was thus subtracted from all
pixels in the raw projections and
flat field images. A total of 50 flat
field images (Figure 5) was col-
lected during the experiment: 10
at the start of the experiment, 10
every 55.2°, and 10 at the end.
The flat field image has several
features of interest. The intensity  Figure 4. Raw projection of a soil aggregate sample at 0°
is greatest in the vertical center of rotation angle. 900 such projections were collected at an
the field of view, and decreases at angular increment of 0.2°. For this measurement the field of
the top and bottom. This is due view did not extend. to air on each si@e of the sample, bgt

. . . rather the left and right edges of the image are the plastic
to the pseudo-Gaussian Intensity tube containing the sample. The sample was held in place in

distribution from the synchrotron (he tube with glass wool. The gray-scale in this image
bending magnet source. The dark  covers the entire 0-4095 count range of the CCD detector.
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Figure 5. Flat-field image collected with the sample in
Figure 4 removed from the beam. A total of 50 such images
were collected. The gray-scale in this image covers the
entire 0—4095 count range of the CCD detector.

blurry spots are due to imperfec-
tions in the Si (111) crystals of the
monochromator, which cause the
diffracted beam intensity to be
low. They are not sharp because
they are ~25 m upstream of the
scintillator, and the finite size of
the electron beam source causes
penumbral blurring. The bright
sharp spots are caused by dust
on the scintillator which allow
extra light from the scintillator to
escape due to refractive index
effects. Note that the intensity in
the flat fields should not be too
low in any region to avoid noise
due to poor statistics. Equally
important is that the flat-field inten-

sity be stable with time, or else the estimate of [ in each pixel will be incorrect. This is of
course a function of the stability of the storage ring and the beamline optics. The flat field
images were all averaged together to produce a low-noise measurement of the incident
beam profile. All 900 projections were then divided by this averaged flat field to
produce normalized images (Figure 7). The normalized images have uniform intensity
in the air and plastic, and the monochromator and scintillator imperfections are no

longer visible.

'

S

a0

Figure 6. Normalized projection of a soil aggregate sample at
0° rotation angle, which is the image in Figure 4 corrected for
dark current and normalized to the average of the 50 flat fields
such as that shown in Figure 5. The gray-scale in this image
covers the range from 0 to 100% transmission.

2.4. Sinograms

The next step in the data proces-
sing is to construct the sinogram
from the data for a single slice per-
pendicular to the rotation axis.
These are the data for a single
row of the CCD detector as a func-
tion of rotation angle (Figures 7—
9). The normalized data for the
center row of the detector (519)
are shown in Figure 7. This is an
X-0 slice of the dataset, where
the horizontal direction is one
row of the CCD (and thus the X
position on the sample) and the
vertical direction is the rotation
angle 6. Note that in this view all
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Table 1. Experimental parameters for a sample soil-aggregate data set.

Exposure time 0.65 s

Image size 1392 pixels x 1040 pixels
Pixel size on sample 6.51 pm x 6.51 pm

Field of view 9.06 mm x 6.77 mm
X-ray energy 28 keV

Number of projections 900

Angle between projections 0.2°

Flat field measurements 50

Total collection time 14 min

objects in the sample will describe one half cycle of a sin wave as the sample is rotated
over 180°, hence the term sinogram. The sinogram must next be converted to a logar-
ithmic scale, so that the value of each pixel is —log(I/Iy). This operation is necessary
for absorption data because absorption is exponential with thickness. The quantity
that is conserved in absorption data is the sum of —log(I/ly) for all rays through the
sample, regardless of sample rotation angle. On the other hand the signal for fluor-
escence is linear with thickness, and so the logarithm is not done when processing flu-
orescence tomography data. The same row is shown in Figure 8 as in Figure 7, but after
taking Figure 8. The areas of low absorption are close to 0, and the brightest regions of
the image have a value of ~1.5. The final step in producing the sinogram is to apply a
high-pass filter. This is necessary to produce accurate reconstructions with the filtered
back-projection and related methods, as illustrated in the next section. The same row
is shown in Figure 9 as in Figures 7 and 8, but after removing the low-frequency com-
ponents of the sinogram with a high-pass Shepp-Logan filter.

2.5. Reconstruction
The key transformation in tomography is reconstructing a cross section of the object
from the sinogram. The most common reconstruction method, and probably the
easiest to understand, is filtered
back-projection. This method can
be described using the following
steps. First, create an N x N array
with all O values, where N is the
number of pixels in the horizontal
direction in the sinogram, i.e. the
number of columns in the detector.

For each row of the sonogram,
sum the projection of that row
with the current contents of the
array. The projection is done at

the angle at which that row of the . .

. Figure 7. Normalized data for row 519 of the CCD detector.
S“.]Ogram wa.s C(.)l]eCted' On?’ Can o this image the horizontal direction is the column of the CCD
think of projection as creating a detector (X position on sample) and the vertical direction is the
mask where the transparency of rotation angle 6.
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the mask is proportional to the
value of the sinogram in that
pixel, and then shining a parallel
light source through the mask
across the array. As each row of
the sinogram is back-projected the
image accumulates, until a com-
plete image is formed after 180°.
The process is illustrated in
Figure 10. Only the first row of
the sinogram (at 0°) has been
back-projected in Figure 10a, so
there are just horizontal stripes of
various intensities in the image.
All 25 projections from 0° to 5°
have been summed in the Figure 10b. Similarly, the summations of projections from 0°
to 45°,90°, 135°, and 180° are shown in Figures 10c to 10f, respectively. The reconstruc-
tion clearly contains artifacts that are reduced as the angular range of the projections
increases, until finally at 180° an accurate cross section is produced.

Because filtered back-projection involves a summation of the values in each sono-
gram, the need for filtering the sinograms first is obvious. As each value in the sinogram
is —log(I/Iy), and as I will be <I,, the values in the sinogram will always be positive.
Thus when they are back-projected (summed) the total intensity continues to grow larger
with the number of angles, and there will never be any zero values in the reconstructed
image. But all areas with no sample should have zero in the reconstruction. Clearly what
is needed is to have some of the sinogram values negative so that the sum can be zero
where it should be. This is accomplished by applying a filter that effectively takes the
derivative of the sinogram, producing both positive and negative values. The effect of
using no filter when reconstructing, compared to using a Shepp-Logan filter, is shown
in Figures 11 and 12. In the recon-
struction with no filter (Figure 11)
the object is recognizable, but the
reconstruction has a large inten-
sity ‘dome’ in the center of the
image. The reconstruction with the
Shepp-Logan filter (Figure 12)
reproduces accurately the linear
attenuation values in the sample.

There is one parameter that must
be optimized when performing the
reconstruction. This is the loca-
tion of the pixel that contains the

Figure 9. Normalized data for row 519 after converting rotation axis. Generally the rota-
to —log(I/I,) and filtering with a Shepp-Logan filter. tion axis will be aligned near the

Figure 8. Normalized data for row 519 after converting
to —log(I/Iy).
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d e f
Figure 10. Reconstructions using filtered back-projection over different angular projection ranges. (a) 1

projection at 0°. (b) 25 projections from 0-5°. (c) 225 projections from 0—45°. (d) 450 projections from
0-90°. (e) 675 projections from 0—135°. (f) 900 projections from 0—180°.

center of the images when data are collected. When reconstructing however, the exact
location of the rotation axis must be determined, preferably to sub-pixel accuracy, or
artifacts will result. The reconstruction of slice 519 shown in Figure 12 was done with
the rotation axis at pixel 694.5. The reconstruction with the rotation axis two pixels to
the left, at pixel 692.5 is shown in Figure 13. The bright mineral grains in the sample
have a crescent shape, with the crescents opening to the left. The reconstruction with
the rotation axis two pixels to the right, at 696.5 is shown in Figure 14. The bright
mineral grains are again crescent shaped, but now the crescents open to the right.
The pixel containing the rotation axis can be optimized manually by visually minimiz-
ing such artifacts though It is more convenient and accurate to use an automated
method for optimizing the rotation axis. A plot of the image entropy for reconstruc-
tions of a slice near the top of this sample (104) and another near the bottom (700)
as a function of the rotation axis position is shown in Figure 15. The image entropy
is a measure of the sharpness of the intensity histogram of each image and is
computed as

entropy = Z?/:o H;log(H;) ©)
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Figure 11. Reconstruction without filtering the sinogram.

Figure 12. Reconstruction with the sinogram first filtered with a
Shepp-Logan filter.

where N is the number of
elements in the histogram,
and H; is element i of the
histogram. The optimum
rotation axis position can
clearly be found to 0.25
pixel accuracy with this
technique. If the system
were perfectly aligned the
rotation axis would be in
the same pixel for the
slice at the top of the
sample and the slice at
the bottom of the sample.
In this case the rotation
axis is 0.5 pixels larger
for slice 104 than for slice
700, so the rotation axis is
not perfectly parallel to
the columns of the CCD.
Once the rotation center
position is determined, the
final step is to reconstruct
all of the slices in the data
set, i.e. the number of rows
in the projections. This has
traditionally been a very
time-consuming step, and
large computing clusters
have been used to distribute
the reconstruction of the
slices. However, modern
multi-core workstations are
now capable of reconstruct-
ing large datasets in a very
reasonable time (Rivers,
2012). For example, the
dataset used for illustration
here is 1392 x 1040 x 900
(X, Y, Projections) which
is reconstructed to a 1392 x
1392 x 1040 X, Y, Z)
volume. This was recon-
structed in 35 s on a modern
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8-core  Windows® work-
station. The 3-D recon-
structed volume can be
visualized with 2-D slices
(Figures 16, 17) in any direc-
tion, by movies flying
through the object, or by
volume rendering.

2.6. Spatial resolution
The spatial resolution in
absorption tomography is
controlled by the following
factors.

2.6.1. Source size. The
X-ray source has a finite
size, either the size of the
electron beam spot on the
anode in an X-ray tube, or
the size of the electron
beam in the storage ring
for synchrotron radiation.
This source size limits the
spatial resolution that can
be achieved on the detector
because of the finite dis-
tance of the sample to the
detector. Forexample, atthe
Advanced Photon Source
(APS) bending magnet the
full-width at half maxi-
mum (FWHM) of the elec-
tron beam in the horizontal
direction is ~250 pwm. This
distance from the source to
the sample is ~50 m and
the distance from the sam-
ple to the scintillator might
be 0.1 m. X-rays from
the source passing through
a point in the sample
will thus form a 50/0.1

Figure 13. Reconstruction with the rotation center —2 pixels from the
optimum value.

Figure 14. Reconstruction with the rotation center +2 pixels from the
optimum value.
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Figure 15. Image entropy in reconstructions of slices 104 and 700 as a function of the rotation center position.

(= 500) times demagnified image of the source on the scintillator. A point on the
sample will thus be blurred by 250 wm/500 = 0.5 wm on the scintillator. This is thus
one limit on the spatial resolution that can be obtained. Larger source sizes or larger
sample to scintillator distances will of course increase this value.

Figure 16. Slice 869 through the reconstruction of the soil aggregate in
the vertical direction parallel to the X-ray beam.

2.6.2. Sample and detec-
tor size. Tomography is
generally performed with
the sample entirely in the
field of view. The spatial
resolution is then limited
by the size of the sample
and the number of pixels
in the detector. For
example if the sample is
9 mm in diameter and is
imaged with a field of
view of 10mm (with
0.5mm of air on both
sides), and the detector
has 2000 pixels horizon-
tally, then the pixel size
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will be 5 um. In order to
have each pixel on the detec-
tor correspond to 1 pum in
the sample, the field of view
and hence sample size,
would need to be restricted
to 2 mm.

2.6.3. Visible-light diffrac-
tion limit. Most microto-
mography detector systems
first convert the X-rays to
visible light, and then
image this light with lenses

onto the detector. A funda-  Figure 17. Slice 779 through the reconstruction of the soil aggregate
mental limit on spa- in the vertical direction perpendicular to the X-ray beam.

tial resolution comes from
the diffraction limit of visible light, which is

d = \/(2NA) 4)

where d is the diffraction limited resolution, N is the visible light wavelength,
and NA is the numerical aperture of the lens. N is ~0.5 pwm for the visible light
from most scintillators. The NA of the lenses typically used in tomography systems
which require relatively long working istances are 0.1-0.5 depending on magnification.
This leads to diffraction-limited resolutions of 0.5-2.5 pm.

2.6.4. Scintillator limits. There are a number of spatial-resolution limits that arise
from the scintillator itself. One is the depth of focus from the finite thickness of the scin-
tillator required to efficiently stop the X-rays. A second is light scattering and light
leakage that arises because the scintillators are all high atomic number materials with
large refractive indices. This leads to complete internal reflection for light emitted at
angles less than a rather large critical angle. Finally as X-rays are stopped in the scin-
tillator they generate secondary electrons and fluorescent X-rays that travel a significant
distance before they stop and generate light.

2.6.5. Rotation stage limits. Most rotation stages have wobble of at least 1 pm. Some
air-bearing stages reduce this to a few tenths of a micrometer.

For all of the above reasons the true minimum spatial resolution in most microtomo-
graphy systems is about 1 wm, even if the data are collected with pixels that are smaller
than this.
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2.7. Contrast resolution

The values at each voxel in the reconstructed data are the X-ray linear attenuation coef-
ficient () at the energy of the measurement. The differences in p for each material in
the sample are what generate the contrast in the images. Minimizing the noise in the
measured p values is important for image analysis. If the noise is large then the w
values of different phases will overlap, making image segmentation difficult.

For the CCD cameras used for microtomography the minimum noise in the measure-
ment at each pixel is controlled by the CCD pixel full-well capacity in electrons. This is
typically ~16,000 electrons. The noise is controlled by Poisson statistics on this

4/16000

16000
to the measured statistical noise in the detector in use at 13-BM-D at the APS. The

noise in the images after normalization is similar, 0.82%. But the noise in a uniform
area of a reconstructed image increases by a factor of ~6-4.7% (Rivers et al., 2010).
This increase in noise is inherent in the reconstruction process because of the high-pass
filter that is required before back-projection. The filter essentially takes the derivative of
the measured data, which increases the noise. The 4.7% noise in the reconstructed values
means that it will be difficult to segment materials that differ by ~10% or less in ..

number, so the expected percent noise is 100 * = 0.79%. This is very close

3. Differential Absorption Tomography

The energy ‘tunability’ of synchrotron X-rays sources makes possible the technique of
differential absorption tomography. In this method tomography datasets are collected
just above and just below an X-ray absorption edge of an element of interest. The
main requirement of the method is that the sample must have sufficient X-ray trans-
mission at the X-ray edge energy. For soil or rock samples that are greater than a few
mm in size only absorption edges >~20 keV can be used. This precludes measure-
ments of the first-row transition elements (Mn, Fe, Zn, efc.) For example it can be
seen from Figure 2 that the 1/e absorption depth for quartz at the Fe absorption edge
(7.11 keV) is only ~50 pwm, so this energy will not be transmitted through more than
~150 pm of quartz. However, the technique has found wide application using elements
such as Cs and I as contrast agents for imaging fluids in porous media (Wildenschild
et al., 2013). The X-ray linear absorption coefficients for quartz, water, and water
with 1 mol.% CsCl or KI are shown in Figure 18. Below the absorption edge, quartz
is more absorbing than the fluid, but above the absorption edge fluid is more absorbing
than quartz. This dramatic change in contrast of the fluid can be used to construct differ-
ence images (Figure 19). The fluids (Figure 19a) are very difficult to see and have such
similar absorptions they would be impossible to distinguish from each other, and both
absorptions are so small that they are difficult to distinguish from air. Above the I
absorption edge (Figure 19b) however, the organic fluid becomes strongly absorbing,
but is now quite similar to quartz. Above the Cs absorption edge (Figure 19c) the
aqueous phase is also strongly absorbing, and is again impossible to distinguish
from the organic fluid. However, by subtracting images b—a (Figure 19d) the organic
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Figure 18. The X-ray linear absorption coefficient (cm ™) for quartz, water, and water with 1 mol.% CsCl or
KI over the energy range from 0 to 60 keV. The I K absorption edge is at 33.169 keV and the Cs K absorption
edge is at 35.985 keV.

fluid containing I is the only bright phase in the difference image. Similarly by
subtracting images c—b (Figure 19¢) the aqueous phase containing Cs is the only
bright phase in the difference image. Interestingly these images show that in this exper-
iment it is the organic fluid that is wetting the glass beads (Figure 19d), and the aqueous
phase is non-wetting. This is because the glass beads were coated with a hydrophobic
material.

4. Phase-Constrast Tomography

Absorption tomography discussed above is based on contrast due to X-ray absorption,
which arises from the imaginary part of the complex X-ray refractive index. Absorption
contrast varies strongly with atomic number and with X-ray energy. Phase-contrast
imaging is based on the real part of the refractive index, and varies more slowly with
X-ray energy and atomic number. There are a number of techniques available to
image phase contrast, including in-line image propagation (Mayo et al., 2012), Talbot
interferometry (Weitkamp et al., 2005), analyzer crystals for diffraction-enhanced
imaging (Chapman et al., 1997), and holography (Momose et al., 1996). The simplest
technique to implement is in-line image propagation, which involves simply increasing

Q2
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the distance between the sample and the detector. X-rays are bent (refracted) at
interfaces between materials with different real-parts of their refractive index. This
small angle becomes a measureable displacement as the sample-to-detector distance
increases. The phase contrast is a function of the coherence of the X-ray source,
which makes synchrotron sources very useful. Because even low-Z elements such as
carbon have a substantial phase contrast, this technique is potentially very useful for
imaging the interfaces of organic matter in soils. Phase-contrast imaging can also be
useful to visualize very small features close to the resolution of the setup used. An
interesting application was using phase contrast to study reactions in mortar (Marinoni
et al., 2009)

Reconstructed cross sections of a rhyolite glass inclusion in quartz are shown in
Figure 20. The sample was imaged at four different sample-to-detector distances:
30 mm, 100 mm, 150 mm, and 200 mm. The glass inclusion has a very similar absorp-
tion to quartz, and at 30 mm it is very difficult to distinguish the two materials. However,
as the sample-to-detector distance increases, the phase contrast enhances dramatically
the interface between the glass and quartz, making the inclusion easy to visualize. In

Figure 19. Reconstructed cross sections through an 8 mm-diameter column containing glass beads, an
aqueous fluid with dissolved Cs and an organic fluid containing I. (a) Image collected at 32.5 keV, below
both the I and Cs K absorption edges. (b) 33.2 keV, above the I edge but below the Cs edge. (c) 36.0 keV,
above both the Cs and I edges. (d) Difference image 33.2-32.5 keV. (e) Difference image 36.0-33.2 keV.
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Figure 20. In-line propagation phase-contrast images of a rhyolite glass inclusion in quartz. Reconstruction
cross sections imaged at sample-to-detector distances of 30 mm (a), 100 mm (b), 150 mm (c), and 200 mm (d).

Intensity profiles across the green line through the inclusion are shown below each image.



22 M.L. Rivers

some cases it is possible to quantitatively retrieve the phase information for the sample.
This can improve the ability to segment images even when the absorption contrast is
very small (Burvall et al., 2011).

5. Fluorescence Tomography

X-ray fluorescence (XRF) provides a completely different contrast mechanism from X-
ray absorption that has been discussed previously. X-ray fluorescence is very sensitive,
so it permits measurement of elements that are present in extremely low concentrations,
below the parts-per-million level. X-ray fluorescence requires detectors that can
measure the energy of each X-ray they detect, with sufficient resolution to distinguish
the neighboring elements in the periodic table. The fluorescence is produced by X-
rays above the absorption edge of the element in question creating inner-shell electron
vacancies, which are then quickly filled from outer-shells with the emission of a fluor-
escent X-ray. However, this fluorescence radiation is emitted in all directions. Because
the radiation is emitted isotropically and because the fluorescence detectors have no pos-
ition resolution, fluorescence tomography must be performed using first-generation
techniques (Figure la, Figure 21). The incident X-ray beam is focused to a small dia-
meter, typically using Kirkpatrick-Baez mirrors or zone plates. Beam diameters of a
few microns or less are common. The sample is translated through the beam and the flu-
orescence radiation is collected, typically with the detector mounted at 90° to the inci-
dent beam to minimize X-ray scatter. The sample is then rotated a small amount, and the
sample is translated again. Because the fluorescence detector is collecting all X-ray
energies simultaneously, multiple elements in the sample are measured at the same time.

X-ray beam (~2 pm)

Silica Fibe

Translation stage (100 nm
resolution)

N—
g Rotation stage (10 mdeg resolution)

Figure 21. Schematic of fluorescence microtomography apparatus. This is a type of first-generation
tomography (Figure 1a) but the detection is of the fluorescence X-rays rather than the transmitted beam.
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Sinograms are constructed in the same manner as for absorption tomography above,
except that the signal is the net counts in the fluorescence peak as a function of trans-
lation position (horizontal) and rotation angle (vertical). This signal is the line integral
of the fluorescence along the beam through the sample. Ignoring absorption of the inci-
dent beam and absorption of the X-rays as they exit the sample, this is proportional to the
concentration of the line integral of the concentration of the element along the beam
path. The sinograms of FeKa, ZnKa, and AsKo measured in a cattail root from a con-
taminated site are shown in Figure 22 (Keon, 2002). These were collected by translating
the sample 300 pm in 5 wm steps, and rotating the sample 180° in 3° steps. The recon-
structions of the fluorescence tomography data for the elements shown in the sinograms
(Figure 21) as well as Pb and Cu are shown in Figure 23. These images are ‘virtual cross
sections’ of the root with a slice thickness of only 2 wm. An alternative way to collect
such data would be to physically section the root and then make an X-Y XRF map. This
would take the same number of measurements, but done in the X-Y plane rather than the
X-0 plane. However, it would be very difficult to prepare a 2 pm thick section of such a
sample, and it would have physically damaged the rest of the specimen. The fluor-
escence tomography cross-section thickness is limited only by the size of the X-ray
beam rather than practical limits on physical sectioning.

The principal limitation of fluorescence tomography is X-ray absorption. The
elements of interest are often low atomic number (K, Ca, Mn, Fe, efc.) and so have
small absorption depths (Figures 2, 18). Absorption corrections can be made for both

Figure 22. Fluorescence sinograms of Zn (upper left), Fe (lower left) and As (right). These were collected by
translating the sample through 300 wm in 5 wm steps, and rotating the sample through 180° in 3° steps.
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Cu Zn

Figure 23. Reconstruction of the fluorescence tomography data for Fe (upper left), As (upper center), Pb
(upper right), Cu (lower left), and Zn (lower right).

the incident beam and the fluorescent X-rays, but only up to maximum absorptions of
90% or so. This means that fluorescence tomography works best with relatively high-
energy X-rays, small samples, and samples with a small mean atomic number. The tech-
nique thus works very well for transition elements in small biological samples, and the
technique is commonly applied in this field.

6. Diffraction Tomography

Another type of signal that can be used in tomography is X-ray powder diffraction
(Bleuet et al. 2008). This technique also requires first-generation tomography,
because the powder diffraction detector measures the line integral of the diffraction
intensity along the beam path with no spatial information. The reconstruction is of
the intensity of a powder diffraction signal, which will correspond to the location of a
single crystalline phase. This technique requires that the grain size be much less than
the voxel size, so that good powder diffraction statistics are obtained from each
voxel. The grains normally must not have strong preferred orientation, because the
signal must be independent of the direction of the ray through a voxel. Finally the
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sample—detector distance must be significantly greater than the sample diameter to
prevent broadening of the diffraction lines due to different source points in the sam-
ple. The simultaneous X-ray diffraction (XRD) tomography and XRF tomography of
a sample of bentonite clay is shown in Figure 24. The fluorescence detector was
mounted at 90° to the incident beam, while the CCD diffraction detector was
mounted near the 0° position downstream of the sample (Lanzirotti et al., 2010).
1500 diffraction patterns were collected as a function of translation and rotation of
the sample. The net intensities of the montmorillonite {001} and goethite {110} diffrac-
tion peaks were integrated using the Fir2D software. These intensities were converted
into sinograms and reconstructed into cross-sections of the sample showing the distri-
bution of these phases. The reconstructed distributions of Ni and Sr are also shown.
The Ni is clearly associated with the goethite, while the Sr is located in the dark
regions on the montmorillonite image, i.e. the regions that contain none of that phase.
Diffraction tomography is not limited strictly to crystalline phases, but in some cases

d e f

. .. |
Figure 24. Simultaneous diffraction and fluorescence tomography of a bentonite clay sample. (a) Visible-

light micrograph of clay sample mounted on silica glass fiber. The sample diameter is ~200 pm. (b)
Example XRD pattern from a CCD detector. The integrated intensity in a single X-ray reflection (e.g.
montmorillonite {001}, shaded area) is computed using the program Fit2D. This intensity is used to form a
sinogram from 1500 diffraction patterns measured as a function of sample translation and rotation. (c)

Reconstruction of the location of the montmorillonite {001} diffraction. (d) Reconstruction of the goethite
{110} diffraction. (e) Reconstruction of the Ni Ka fluorescence. (f) Reconstruction of the Si Ka fluorescence.
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can be used to map the distribution of amorphous phases as well, e.g. in cement (Vol-
tolini et al., 2013).

7. Applications of Tomography in Earth Sciences

7.1. Fluids in porous media

Microtomography is becoming widely applied to studies of fluids in porous media. The
use of synchrotron radiation and contrast agents has allowed visualization of the distri-
bution of air-water systems (Armstrong ef al., 2012; Armstrong and Wildenschild, 2012;
Wildenschild and Sheppard, 2013) and systems that also contain and organic
fluid (Brusseau et al., 2006, 2007, 2009; Narter and Brusseau, 2010). Such studies
have application in enhanced oil recovery, groundwater remediation, and in generating
input parameters to fluid dynamics models. Results from the Brusseau group where they
initially saturated a sand column with an organic fluid are shown in Figures 25 and 26.
The column was then repeatedly flushed with water in which the organic was sparingly
soluble. The Brusseau group was able to study the details of the removal of the organic
phase, the interfacial areas, efc. An important component of the groundwater environ-
ment is the presence of microbes.

Nanoparticles were used as contrast agents by Iltis ez al. (2011) to image biofilms in
wet porous media systems.

Initial residual After first water After second water After third
saturation flush flush water flush

Figure 25. Cartoon showing sand initially saturated with an organic fluid, and then the organic distribution
after successive flushes with water. The organic has a limited solubility in water.
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Figure 26. Reconstructed slices and 3-D renderings showing the distribution of organic fluid after successive
flushings with water. The organic fluid is doped with iodine for contrast.

7.2. Soils

Microtomography is also finding wide use in the study of soil systems (Altman et al.,
2005; Crawford et al., 2005; Feeney et al., 2006; Anayeva et al., 2013a, 2013b; Krave-
chenko et al. 2011, 2013; Taina et al., 2008; Wang et al., 2012). For example Krav-
chenko et al. (2013) used microtomography to follow the decay of organic carbon
such as roots in soil aggregates in samples in both sterile samples and those with soil
microorganisms.

7.3. Other applications

Microtomography is very useful in studying the internal structure of meteorites to learn
about the early history of the solar system. Textures of the iron-nickel phases, collision
events, porosity and other aspects have been studied (Ebel and Rivers, 2007; Friedrich
et al., 2008a, 2008b). Volcanic systems have been studied, both to learn about the
process of vesicle formation in real time (Bai et al., 2008; Baker et al., 2012) and to
study the distribution of trace-mineral phases by differential absorption tomography
(Gualda et al., 2010). In situ studies at high-pressure (Lesher er al., 2009; Wang
et al., 2011) have been used to measure directly the volume of amorphous glasses
and liquids, for which it is not possible to measure high-pressure density with XRD.
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Finally both fluorescence tomography and differential absorption tomography have been
used to study the distribution of trace metals in hyper-accumulating plants (McNear
et al., 2005; Scheckel et al., 2007; Tappero et al., 2007).
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