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Abstract: In this preliminary study we present a depth resolved
transmission image sequence of an object combined with the materials
discriminating ability of angular dispersive X-ray diffraction. Volumes
within the object giving rise to diffraction patterns matched to a library of
specific materials have been encoded visually within the images. The
intensity of these highlighted areas has been weighted based on the certainty
of the match. Both the theory and experimental proof of principle have been
demonstrated. Considerations pertaining to a “scaled up” version of this
technique are also discussed.
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1. Introduction

The development of rapid 3 dimension imaging for the reconstruction of volumetric
information has impacted within an increasing number of fields including materials science,
medicine and security screening. However, the aim of such imaging is often to identify the
distribution (or presence) of a specific material or range of materials within a volume and this
is generally not available through current imaging modalities. For example, the screening of
luggage to detect the presence of prohibited materials is a problem that still lacks a
comprehensive solution.

Whereas absorption based image acquisition methods have developed into high resolution,
volumetric visualisation tools such as stereoscopy [1, 2], computerized tomography (CT) [2,
3] and kinetic depth effect X-ray (KDEX) techniques [4], there has been little concomitant
development of complementary chemical identification methodologies. The demand for such
methods is well demonstrated, for example, with the need to identify explosives within
luggage [5-7] that may have an innocuous shape. Qualitative materials discrimination is
currently mostly limited to dual-energy imaging which has also been applied recently to very
high spatial resolution phase contrast imaging [8, 9], although material’s identification
methods remains under development.

X-ray diffraction is a well established technique that is routinely used within laboratories
for materials identification. It has been shown to be an effective probe for chemically
identifying concealed explosives [10-12] and can identify biochemical changes
accompanying the onset of cancer [13, 14]. The ‘fingerprint' scattering signatures [12]
produced from a diffraction experiment can thus be used as a highly specific marker of
particular materials even within a mixture of several materials. High resolution, 3D chemico-
structural probes have been developed to characterise microstructures for both static [15] and
dynamic studies [16]. Perhaps the most advanced diffraction imaging system is TEDDI' [17]
which provides tomographic diffraction imaging and has evolved to accommodate relatively
high X-ray energies. The 'gold standard' for definitive materials analysis from diffraction
employs monochromatic X-rays and an angularly dispersive data collection approach. In
contrast, often when diffracted X-rays have been used previously to complement absorption
imaging an energy dispersive approach has been adopted [14, 17, 18]. Here characteristic
diffraction patterns are obtained from individual locations within an inspection volume that
have been illuminated by white radiation. Restricting the directionality of the primary and
scattering X-rays via collimation provides positional information at the expense of overall
beam flux [19].

We have been pursuing alternative angular dispersive configurations [20, 21] (because of
their inherently superior specificity [22]) that crucially do not require scattering collimation.
The limitation of such chemically specific techniques applied in isolation is that not all
prohibited materials are chemically distinct. Knives and scissors are not readily distinguished
from innocuous metals based on their chemical structure. Therefore any chemical technique
needs to complement conventional imaging technology rather than replace it.
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Our study demonstrates the first X-ray image sequences of an inspection volume obtained
via the imaging technique, KDEX that has simultaneously been interrogated by X-ray
diffraction. Areas giving rise to diffraction patterns matched to a library of specific materials
have been encoded visually within the images. Furthermore the intensity of these highlighted
areas has been weighted based on the certainty of the match. It should be noted that this
preliminary study has been conducted with molybdenum radiation (K alpha ~17keV) which is
somewhat lower energy than tungsten radiation (K alpha ~59keV) traditionally employed for
baggage and medical imaging. However, the benefits demonstrated by this work may one day
translate to a scaled up system operating at higher energies. Some of the issues involved in a
scale up have been addressed in section 4.

1.1 Principles of X-ray coherent scatter

The majority of materials are polycrystalline or semi-crystalline. For this reason a powder
diffraction model has been adopted employing a kinematic approximation. If a mono-
energetic X-ray beam strikes a material with long range order, then a proportion is absorbed
and then remitted isotropically. Constructive and destructive interference effects result in
radiation being scattered at characteristic angles [23]. These angles are directly related to
interplanar spacing’s (d) within the material and are governed by Braggs law. Once the d-
spacings of a material have been determined these are matched against a reference library to
provide an identification. An important consideration is the experimental geometry and, in
particular, the relative positions of sample and detector. If the relationship between the
incident beam direction, the sample position and the detector position is ill described then the
correct angles of diffraction cannot be calculated.

1.2 Determining the spatial origin of scatter signatures

We have employed an open collimation system and thus Bragg maxima from any diffracting
material illuminated by the primary pencil beam can subsequently strike the detector.
However, for objects extended along the primary beam Bragg maxima from multiple
unknown positions may contribute to the resulting diffraction pattern. Previous work [21] has
examined a possible solution that uses an X-ray detector translated to a series of positions
along the primary beam path (illustrated in Fig. 1b). A peak tracking algorithm is then applied
that searches the patterns for Bragg maxima positions that linearly propagate through the
detector positions. The gradient of these linearly propagating Bragg maxima positions
provides the diffraction angle (20). Back projecting the linear propagation provides the origin
within the inspection volume. As a result the sample to detector distance of any diffracting
materials (sample position) and Bragg diffraction angle can be determined simultaneously. A
more detailed description of this approach can be found in Dicken et al [21].

1.3 Principles of kinetic depth effect X-ray (KDEX)

KDEX provides the ability to visualise an inspection volume in 3D and is therefore
comparable to CT. However CT scanners often require many projections to reconstruct a
volumetric image [2, 4] and this is costly in time. KDEX operates similarly in that it requires
multiple views to provide its 3D effect, however the number of images it requires is typically
an order of magnitude lower and there is no reconstruction penalty. A parallax effect is
brought about by differences in angular velocity of individual objects within an in inspection
volume. Thus depth perception is afforded through this parallax [4]. Another important
consideration is that the linear detector arrays used to produce the primary images can be
arranged within an inspection tunnel in such a manner as they do not increase data acquisition
time from that of a single detector system [4].

KDEX and X-ray diffraction then provide significantly different, complementary
information concerning characteristics of any inspection volume. This work seeks, for the first
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time, to combine these approaches and realise an unprecedented, materials specific imaging
technique.

2. Method and materials

A 3D small scale phantom object was constructed that contained an alumina component (the
'target’ material) as well as other scattering and attenuating objects overlapped in depth
(illustrated in Fig. 2). X-rays were produced by a Philips PW1830 X-ray generator
incorporating a sealed, long fine focus X-ray tube with a molybdenum target. A cooled
(—40°C) PIXIS 1024 x 1024 16bit CCD camera with a Gd,0,S:Tb phosphorous screen was
used to detect the X-rays. A selection of Thorlab and Sigma-koki translation stages were used
to move various components namely the phantom and camera through multiple axes. To
obtain the KDEX image sequences, multiple images were collected after the object was
rotated through 1° increments from +15° to —15° of the rotation axis whilst the X-ray source
and detector remained stationary (illustrated in Fig. 1a). This is equivalent to the traditional
KDEX geometry where the object remains stationary and source and detector are rotated [4].
The X-ray diffraction patterns were collected by collimating the X-rays into a pencil beam
with a 4 mm thick brass plate and 0.66 mm diameter aperture (illustrated in Fig. 1b). A set of
translation stages were then used to systematically move the sample across the pencil beam.
The PIXIS camera was used in raster scan mode to collect the diffraction patterns propagating
normal to the primary beam path. This operation was repeated at differing distances along the
primary beam path so that multiple diffraction patterns could be collected for each
interrogated point on the sample. 28 points (equating to a 4 x 7 grid) on the sample were
inspected. Four diffraction patterns were collected per point. It should be noted that all
diffraction patterns were collected from the inspection volume when it was at 0°. Camera
exposure times were quite different for the KDEX and diffraction aspects (4 seconds per
image and 3 minutes per diffraction pattern respectively). This is because only a small
proportion (<<1%) of the primary beam is coherently scattered. It should also be noted that
although currently each aspect is collected consecutively, it is hoped that sophisticated
collimation could enable both aspects to be obtained simultaneously in the future.

For each diffraction interrogation point the four diffraction patterns were used by the peak
tracking algorithm to determine both 26 and position for each source of diffracted X-rays.
These were subsequently compared to a limited material diffraction library to identify the
materials. The number of Bragg maxima matching those of a target material for a particular
location in a depth plane was used as an index of match certainty.

Material matches were then mapped onto all of the perspective images within the KDEX
sequence using the peak tracking algorithm and a simple trigonometric function. Relative
distances within the image sequence were calibrated using an internal standard (ruler apparent
in the top left hand corner of Figs. 5 and 6).

To colour encode those positions identified as containing a target material the 16 bit tiff
files were split into RGB components and the pixel values in the red channel were then
multiplied by a weighting factor based on the number of target Bragg maxima identified in
that region. In doing so the intensity of red reflects the index of match.
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Fig. 1. A schematic illustrating the KDEX configuration (a) where the inspection volume is
illustrated normal to the primary beam and a superposition at a given degree of rotation. The
diffraction configuration (b) is also illustrated with the same detector positioned at differing
distances along the primary beam path.
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Fig. 2. Schematic illustrating the material composition of objects within the phantom.

3. Results
3.1 Peak finding algorithm

Examples of diffraction patterns measured at one interrogation point with different detector
positions are shown in Fig. 3. The change in peak position between each detector location is a
function of (i) the scattering angle and (ii) the diffraction source location along the primary
beam. Figure 4 illustrates the positions (scattering angle) of a group of Bragg maxima tracked
to a single location (£0.5 mm of each other) on the primary beam path within the inspection
volume. These tracked Bragg maxima positions compare well with those for Al,O3 also
demonstrated in Fig. 4 (the target in this example). Interrogation points that passed through
other scattering materials (i.e Al) also gave rise to diffraction signatures but were tracked to a
different location in the inspection volume. It should also be noted that although in this
example only one material is targeted and identified the technique has been shown previously
to resolve multiple unknown materials overlapped in depth [21].
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Fig. 3. Four diffraction patterns obtained from a single interrogated point in the inspection
volume collected at specified distances along the primary beam path.
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Fig. 4. Bragg maxima tracked to a single location in depth using the diffraction patterns
illustrated in Fig. 3 and the peaking finding algorithm. The Bragg maxima correlate well with
Al,O3,

3.2 Combined KDEX and diffraction imagery

The 0° KDEX image is illustrated in Fig. 5a and the diffraction inspection points are
superimposed in Fig. 5b. Bragg maxima for each interrogated point were compared to a
limited target database. Four points (indicated in Fig. 5¢) were found to contain Bragg
maxima consistent with the target material (Al,Os) at a specific depth within the object. It
should be noted that these four points were the only ones to pass through the target material.
The areas directly adjacent to the interrogated points with diffraction peaks corresponding to
the target material were tagged. The red channel intensity values in these tagged areas were
increased depending on the number of peaks that match the target diffraction pattern. Thus a
greater red intensity indicates a greater confidence in the match between the unknown and
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target material. Positions of the tagged areas were recalculated for the other KDEX
perspectives using a trigonometric function and the position of the diffracting material
produced by the peak tracking algorithm. This results in the tagged areas following the target
material position within the transmission images. This effect is best appreciated when the
images are demonstrated in a movie format. Figure 6 illustrates snapshots of the
accompanying video at differing perspectives.

_Ruler

Fig. 5. A transmission image of the inspection volume at 0° rotation (a). The locations of the
28 interrogated positions that were illuminated by pencil beams (b). The tagged regions
illustrating areas identified to contain threat materials (c). The end on projection of a ruler can
be seen in the top left hand corner of each image, this can be better appreciated in the
accompanying video.

Fig. 6. Selected transmission images from a KDEX image sequence. Images are from —15° (a),
-5° (b), +5° (c) and +15° (d) rotation of the inspection volume. Areas reported to have a target
material based on their diffraction pattern have been colour encoded in red. The intensity of the
red channel in the tagged areas reflects the certainty with which the area is believed to contain
the target. (Media 1)

4. Discussion and conclusion

We have demonstrated that the 3-dimensional capability of the X-ray imaging technique,
KDEX, has been combined with the material discriminating abilities of X-ray diffraction. The
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fusion of these differing, complementary techniques has shown the potential to be a powerful
diagnostic tool. The benefits of KDEX (i.e. the increase in morphological recognition
performance in the presence of complicated structures) over conventional 2-dimensional
(static) transmission imagery is realised with the simultaneous addition of chemically specific
spatially resolved information. Potential applications are widespread (e.g. security screening).
The radiographic identification of, for example, wiring within a bag, may be further and
simultaneously investigated by chemcio-structural information provided by associated
diffraction signatures which could indicate a threat.

This preliminary study has demonstrated great promise for a new diagnostic tool.
However there are several issues that still need to be addressed. Coherently scattered X-rays
are of several orders of magnitude lower in intensity than that of the principal X-ray beam.
Efforts have been made here to increase the scattering flux by removing the need for
scattering collimation. However data acquisition times probably require reducing further if the
approach is to be exploited within real world applications. For such applications
developments in detector and source technology must be made, although simple beam optics
such as those demonstrated by Rogers et al [24] may provide a cost effective solution.
Applications may also require a higher X-ray energy than that used here e.g. penetration in
security screening applications requires typically >60keV. This energy “scale up” provides its
own challenges, in particular a decrease in angular resolution. Moving the detectors further
from the diffracting material should act as a positive optical lever (thus mitigating against the
loss in angular resolution), however this is at the expense of the system sensitivity (also
mentioned earlier) given the inverse squared law and additional air absorption. Presumably
larger and/or more sensitive detectors would then be required. These technological
improvements and modifications will need to be investigated for energy scale up, although
niche markets involving the inspection of smaller attenuating volumes containing poly or
semi-crystalline targets may find this technique valuable.
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