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II. PROJECT DESCRIPTION 

A. Project Overview

X-ray diffraction tomography (XRDT) has the potential to dramatically reduce the probability of error (Pd and 
Pfa) and increase the throughput of X-ray based explosives detection systems because of its ability to identify 
concealed materials based on their microscopic atomic and/or molecular structures. Such information can 
complement the density and effective atomic number information obtained via multi-energy transmission 
X-ray scans (either AT or CT scanners) to improve detection. While this sensitivity to molecular composition 
is necessary for accurately assessing a host of benign and threat materials, it may at times be too sensitive. 
For example, the details of the measured X-ray diffraction scatter signatures can depend on a variety of fac-
tors relating to environmental history and conditions. This variability of the signatures for materials with 
identical molecular compositions, which we refer to as texturing, presents several significant challenges to 
real-world implementations of XRDT. First, it complicates the creation of a robust universal material dic-
tionary (necessary for threat detection) because each material can have a myriad of instantiations that are  
dependent on the texturing factors. This, in turn, makes accurate modeling of many real-world materials 
(both threat and non-threat) and XRDT imaging architectures extremely difficult. Finally, because the type 
or degree of texturing is typically not known a priori, the scatter signature and/or spatial location of the  
scatterer may be estimated incorrectly, resulting in misclassifications. 
The topics of texturing, numerical simulation methods, and XRDT architectures have all been studied previ-
ously in separate efforts; however, these previous investigations were not specifically aimed at addressing 
explosives detection and did not benefit from being unified. As a result, there exist critical gaps in quantifying 
and overcoming the effects of texturing that make accurate evaluation of XRDT impossible. In this project, we 
will address these challenges by 

1. Creating a database containing tens of texture instantiations (e.g. different orientations, grain sizes, 
processing history, etc.) of scatter signatures for a broad range of materials of interest; 

2. Incorporating the database into comprehensive modeling tools to allow accurate simulation of  
various measurement architectures; and 

3. Analyzing the impact of texturing on XRDT imaging performance and studying new ways to measure 
and process the data to mitigate the deleterious effects of texturing. 

In contrast to previous efforts, we will focus our studies on operating in the transmission XRD geometry over 
a broad range of relevant X-ray energies and use an expert-informed, machine-learning approach to interpret 
the results. The results and techniques will broaden our understanding and definition of “threat” and “non-
threat” materials as well as provide tools and knowledge to government agencies and original equipment 
manufacturers (OEMs) seeking to design and/or evaluate the performance of next-generation X-ray scanners. 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

This project was newly funded following the last Biennial Review, so this section is not applicable.

C. State of the Art and Technical Approach

The topics of texturing, numerical simulation methods, and XRDT architectures have all been studied previ-
ously; however, none of these previous investigations have been unified.  As a result, there exist critical gaps 
in quantifying and overcoming the effects of texturing that make accurate evaluation of XRDT impossible. We 
address these gaps and evaluate the utility of XRDT in aviation security applications. 
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C.1. Characterization of Texturing

For more than 100 years, the fundamental science behind XRD has been developed and applied to under-
standing the structure and properties of materials. The majority of these studies use a standard X-ray diffrac-
tometer operated in reflection mode at a single X-ray energy to record the scatter form factors. By rotating 
the sample through a range of angles, it is possible to map out multi-dimensional scatter patterns that give 
detailed information about the microscopic structure, composition, and crystallographic orientation of the 
sample. Unfortunately, this method requires that a single, thin sample be placed at a specific location and is 
therefore unsuitable for detection of hidden threats; it is necessary to use high-energy X-rays to penetrate 
complex and optically thick materials and, therefore, operate in transmission mode. Because the scat-
ter cross section changes as a function of energy and angle, it is important to record the complete energy- 
and angle-dependent scatter cross sections.  To this end, we have previously developed and demonstrated 
a novel XRDT approach known as coded aperture X-ray scatter imaging (CAXSI) that allows angle- and ener-
gy-dispersive measurement of the scatter form factor signature in a single measurement using our custom 
apparatus (see Fig. 1).  

In addition, while databases of materials exist [1], they typically only cover specific classes of materials (e.g. 
powders or biomolecules) and usually include only a few instantiations for each unique material. We have 
previously created a shareable and searchable XRD signature database through the DHS Coded Aperture 
X-ray Imaging (CAXI) program that contains a broad range of stream of commerce and energetic materials 
relevant to aviation security. This database, however, contains only a single instantiation of each material and 
therefore does not adequately represent the expected statistical variation of the materials. This information 
is necessary for performing dictionary-based classification [2], as well as determining the true information 
content of a given detection system [3]. It is therefore necessary to build a comprehensive database 
relevant to threat detection and develop a statistical description of texturing in order to improve the 
performance of existing systems and properly evaluate the performance of future scanners.

C.2. XRD Simulation Tools 

Numerical tools that enable simulation of X-ray physics as well as dependences on component behavior (e.g. 
source, detector, collimator, etc.) and geometry are critical for understanding and evaluating the benefits of 
XRDT systems. The two dominant simulation methods are: 1) Deterministic numerical models (which typi-
cally consider only first order scatter phenomena); and 2) Monte Carlo (MC) techniques (which are exhaus-
tive but time-consuming). The advantage of a deterministic numerical model is that it is fast to run and can 
therefore be used to perform design studies over a broad trade space. A robust model of this sort is necessary 
for performing model-based reconstruction for an XRDT system. On the other hand, MC is the most physically 
accurate simulation technique and naturally accommodates stochastic processes (such as multiple scatter 
and noise). Although time-consuming, Monte Carlo enables realistic and accurate determination of system 

Figure 1: Degree of texturing: XRD scatter at 60 keV using a pencil beam CAXSI system and 2D energy-sensitive detec-
tor spanning π/2 for a) Al powder, b) Al sheet, and c) ammonium nitrate powder (in order of increasing texturing from 
left to right).
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performance with all relevant sources of noise. 
Models of both types have been developed previously by several groups [4-6]. Through the DHS CAXI pro-
gram, we have developed state-of-the art simulation models of both types: a numerical model of Compton 
scatter and XRD [7], as well as a MC model based on GEANT4 [8] that includes empirically-measured XRD 
signatures in place of the conventional Hubble form factors. We have previously validated our models against 
experimental measurements and used them to study various XRDT configurations (see Fig. 2) [7, 9].  While 
useful, none of the models developed to date include the energy and angular dependencies exhibited by tex-
tured materials and are therefore constrained to describing a limited set of materials. The current models 
must be extended to include a statistical description of texturing in order to faithfully represent re-
al-world materials present in luggage.

C.3. XRDT 

The physics of XRD conflates the location and material composition of an object. In order to determine the 
identity of a material, one must first determine its location in 3D. While several methods for performing this 
hyperspectral imaging task have been studied previously, the two methods most applicable to aviation se-
curity are selected volume tomography (SVT) [10] and coded aperture X-ray imaging (CAXSI) (see Fig. 3 on 
the next page) [9].  In SVT, one uses collimators on the source and detector side of the object, such that each 
detector pixel images only a single voxel within the object. With the signal localized in this way, the signature 
is recorded through the use of energy sensitive detection at each pixel. This technique forms the basis of the 
Morpho XDi machine currently in production. While SVT has a well-defined spatial resolution and low com-
putational overhead, the heavy collimation results in extreme photon starvation in the imaging system. In 
addition, the requirement of viewing an object voxel from only a single angle may result in the system mea-
suring incorrectly or missing altogether the scatter from a particular textured voxel.
In contrast, the CAXSI architecture (currently being investigated by Smiths Detection and Rapiscan Systems) 
involves using coded apertures (rather than collimators) to modulate the incident and scattered beams. In 
this way, the scatter from each voxel arrives at a range of detector pixels. The coded apertures provide the 
ability to make multiplexed measurements in an angular- and energy-dispersive manner [7], which increases 
the system throughput and robustness against texturing. While this is a clear advantage, CAXSI’s requirement 
for computational inversion makes it more sensitive to model error; because texturing is not known a priori, 
it can potentially reduce the imaging and material identification fidelity of the system. For both SVT and 

Figure 2: Comparison of raw experiment (top) and MC simulation (bottom) XRD data for Al, NaCl and graphite powders 
(left to right).
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CAXSI, texturing presents challenges for accurate material identification. 

D. Major Contributions

This project is new (having starting in January 2017), but has nevertheless gotten off to a very fast and pro-
ductive start. Below, we highlight several of the technical accomplishments of the program to date (as mir-
rored in the milestones reported above):
• Testbed X-ray system: We have built an experimental testbed X-ray system capable of performing ener-

gy-sensitive Laue diffraction (see Fig. 4). The system consists of an X-ray source; collimation optics to 
create a pencil beam; a sample object; and a scanned, 1D, energy sensitive detector array. This allows us 
to collect the 3D scatter data (in terms of 2D scatter angle and energy) that will be included in the XRD 
database.  

• Acquisition of testbed scatter data: Conventional XRD databases only include a 1D cross-section of the 
full scatter signal, and are usually only measured for powders. We collect the full 3D signal for a variety 
of instantiations (e.g. orientation, history, processing, vendor, etc.) of stream of commerce materials.  Ex-
ample spectra are shown in Figure 5 (on the next page) for aluminum sheet, brass sheet, and ammonium 
nitrate (all at 60 keV), demonstrating different types of texture patterns.

Figure 3: Schematic for pencil beam a) SVT and b) CAXSI showing the key components and geometries. Texturing re-
sults in a localization of the scatter in angle and energy.

Figure 4: Photo of the experimental testbed (with key elements labeled).
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• Measurement of pole figures with a conventional XRD system: For the same materials measured using 
the testbed, we also record the conventional 1D XRD spectrum using a commercial diffractometer system 
(Bruker D2 Phaser), operated in reflection mode at the copper k-Alpha line. We rotate the sample through 
a variety of different orientations and record the conventional XRD θ-2θ spectrum, as well as pole figures 
for key lattice spacings. Figure 6 demonstrates the difference in resulting spectra obtained for a sheet of 
copper vs. copper powder.  The resulting pole figure has the symmetry expected for a cubic crystalline 
material.

• Monte Carlo simulation framework: We have developed the first Monte Carlo framework capable of sim-
ulating textured XRD scatter signals for arbitrary geometric configurations. By using the scatter data 
acquired via the testbed and diffractometer systems, we can simulate accurate angular scatter patterns 
that agree with experimentally-observed data (see Fig. 7 comparing measured and simulated raw scatter 
data). This will allow us to simulate and evaluate the performance of complete XRD scanner systems.  

Figure 5: XRD scatter patterns for Al sheet (left), brass sheet (center), and ammonium nitrate powder (right). The beam 
is incident on the detector in the center of the rings, where the black square is present.

Figure 6: (a) X-ray diffraction spectra of roll-formed copper sheet showing the strong (200) diffraction line. The inset 
shows the same sample analyzed after rotating to φ = 45° and tilting to Ψ = 55° showing a strong (111) texture. (b) X-ray 
diffraction spectra of randomly oriented polycrystalline copper powder. (c) Radial intensity data for the Cu {111} peaks. 
As expected, diffraction intensity increases at 90° intervals due to the cubic crystal structure.
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• Application of machine learning to XRD-based detection: Threat detection based on the XRD signature of 
a material can be challenging for two reasons: 1) Any reference library used for classification will neces-
sarily not include all possible materials; and 2) the extent of variations in the XRD signatures can be large 
(as seen by the above 1D texture spectra results). Thus, any classification scheme that must first identify 
the material and then assess its threat status will ultimately fail. In order to overcome this limitation and 
assess the potential utility of XRD for the detection of prohibited materials, we performed an investi-
gation of the fundamental separation between materials in “XRD space” using a 400 material library of 
1D scatter spectra (previously obtained by Dr. Wolter under the DHS BAA 10-02 CAXI program). Using 
machine learning techniques (PCA/clustering/LDA), we found that there are common features among 
materials of certain classes (such as solid/liquids or explosives/non-threats) that cause them to natu-
rally cluster together. We find that this clustering is robust against signal degradation (such as noise and 
blurring). More recently, we have begun to develop various classification algorithms that identify the 
threat status of a material based on its features and does not require material identification first. Figure 8 
shows a receiver operating characteristic (ROC) curve for the binary classification problems of separate 
solid/liquid materials, crystalline/non-crystalline materials, and threats/non-threats based on their XRD 
spectra alone. The near-perfect results show the power that collecting the additional XRD features has for 
realizing explosives detection with high Pd and Pfa.

Figure 7: Scatter pattern for Al sheet obtained via experiment (left) and MC simulation (right).

Figure 8: ROC curve for the separation of solid/liquid, crystalline/non-crystalline, and dangerous/non-dangerous ma-
terials. The figure on the right shows a zoomed-in and log-represented version of the upper left hand corner of the ROC 
plot from the left figure. 
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E. Milestones

• Originally proposed Year 4 milestones achieved:
 ○ Developed a test plan for acquiring XRD data for the database, including material choice and condi-

tions, measurement protocol (for diffractometer and broadband transmission modes), and required 
resources.

 ○ Developed numerical models (deterministic and Monte Carlo) capable of representing qualitatively 
XRD with texture (i.e. appropriate azimuthal and energy dependences).

 ○ Built a broadband testbed system. Used this testbed system in conjunction with a commercial dif-
fractometer (Bruker D2 Phaser) to measure the XRD scatter signal from several materials in multiple 
instantiations/orientations.

 ○ Identified distinct texture “modes” and correlations in the scatter data to help build a statistical mod-
el of the micro-physics of texturing at the macroscopic level.

• Originally proposed Year 5 milestones achieved in Year 4:
 ○ Measured the full angle/energy scatter pattern for 5 instantiations of 20 different materials.

 ○ Demonstrated agreement between MC and experimental scatter data for a single material.

• Additional (not originally proposed) Year 4 milestones achieved:
 ○ Studied material organization and clustering in a conventional XRD database (with no material vari-

ability). 

• Originally proposed Year 5 milestones planned for Year 5:
 ○ Create a searchable database for storing and accessing the XRD scatter data (including the full raw 

and dimension-reduced data from the broadband system and the diffractometer data).

 ○ Cross-validate Monte Carlo and deterministic forward models and compare these against experimen-
tal measurements.

 ○ Determine and compare baseline XRD tomography systems (e.g. direct and coded aperture tomog-
raphy) in order to assess which measurement approaches give the best detection performance in 
the presence of textured objects. This will allow us to identify approaches to mitigate the effects of 
texturing in XRD systems.

 ○ Grow the XRD measurements database.

• Additional (not originally proposed) Year 5 tasks planned for Year 5:
 ○ Study detection performance of different classifiers operating with the conventional 1D XRD and full 

3D XRD scatter signals (including the presence of texturing).

 ○ Study data dimensionality reduction approaches for optimizing the tradeoff between data volume/
computational overhead and detection performance

F. Future Plans

After building much of the necessary infrastructure in Year 4, the focus of Year 5 will be on applying and 
quantifying our results to the problem of threat detection and false alarm reduction. The relevant expected 
outcomes are:
• Quantitative validation of numerical models against experimental data for a broad range of materials.
• Definition and specifications of baseline XRD imaging systems along with image quality and classification 
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metrics quantifying performance of each method with different types of texturing.
• Description of strategies for mitigating the effects of texturing along with quantified performance im-

provements (in terms of imaging and explosives detection) of the proposed methods.
• Creation of an accessible, broad database of full XRD scatter measurements and their lower-dimensional 

representations (>200 measurements planned).
While the project is moving smoothly forward, there are several potential risks and/or challenges that have 
been identified: 
• Staffing: The current Master students may not continue through the summer or into next year. To address 

this, I have offered one Master student a Ph.D. position and have identified mechanisms for bringing new 
students in and online. 

• PoP vs SOW: The statement of work (SOW) in the project contract includes a 24 month period over which 
to accomplish the proposed milestones and deliverables; however, the awarded contract has only an 18 
month period of performance (PoP). We have therefore re-budgeted and accelerated our timeline in or-
der to accomplish the proposed work in a shorter time.

• Material availability: The current activity focuses exclusively on studying benign stream of commerce 
materials (i.e. interferents); therefore, we can assess the impact from these materials, but cannot eval-
uate how the imaging configuration should be optimized for mitigating texturing with threat materials. 
To remedy this, we are seeking to collaborate with Lawrence Livermore National Laboratory (LLNL) or, 
pending funding, work with Dr. Jimmie Oxley at University of Rhode Island (Projects R1-A.1, R1-B.1, and 
R1-C.2) to study explosives.

The final outputs of the project (at the end of Year 5) will be:
• Shareable database of raw and processed (i.e. dimension-reduced) XRD scatter data for 5-10 realizations 

of 50 materials.
• New classification algorithms for threat detection based on multi-dimensional XRD signature (potential-

ly without the need to first identify the object, which greatly generalizes the relevance of such a system).
• First Monte Carlo-based software package capable of simulating textured XRD patterns.
• Demonstration of first expert-assisted, data-focused analysis of XRD signals over a sufficiently broad 

range of materials relevant to aviation security in order to quantitatively demonstrate the utility of XRD 
at the checkpoint.

• Quantitative analysis and related mitigation strategies for performing XRD imaging. 
• Students trained in the problems and techniques relevant to DHS.
• Publications and conference presentations related to our findings.
Given additional time and funds, a Year 6 effort focused on transitioning our results could include:
• Experimental validation of the XRD imaging strategies identified to mitigate texture-related challenges. 

This is directly relevant to the development of next-generation XRD imaging machines and could be done 
as a transition activity in conjunction with Smiths/Rapiscan as they further the technology readiness 
level (TRL) of their X-ray diffraction tomography machines.

• Expanding the database to include more materials/realizations (including XRD data from threat sub-
stances). This would allow for a more substantial analysis of the impact on the probability of detection 
of XRD systems. This would help make the database better suited for direct use by OEMs (e.g. Morpho, 
Rapiscan, and Smiths Detection) as they develop classifiers, and the Transportation Security Laboratory 
(TSL)/Transportation Security Administration (TSA) as they prepare to certify XRD machines.

• Using the developed simulation framework to develop a tool for vendors, DHS, and TSA to perform sys-
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tem-level analysis of proposed or existing systems to analyze expected imaging performance. This can 
help streamline funding proposals to build new equipment and may aid in the scanner certification pro-
cess. These simulation tools can be made more user-friendly so that vendors and the government can use 
them to assess the potential performance of a new XRD system before and/or after its development. As 
discussed below, this effort is already underway in collaboration with Rapiscan and/or Defence Science 
and Technology Laboratory (DSTL) in the United Kingdom (UK).

• Although we have focused on XRD for explosives detection, its application is more generally applica-
ble. We could additionally investigate the use of XRD imaging for contraband detection or assessment of 
nuclear threats. This can be translated into utility through working with OEMs (e.g. Morpho, Rapiscan, 
Smiths Detection) and in conjunction with government parties (e.g. Customs and Border Protection, TSA, 
etc.).

• Traditional, non-imaging XRD is currently used in various ALERT projects (e.g. Dr. Jimmie Oxley’s re-
search). We could further collaborate to develop an XRD imaging system to provide additional methods 
for relating chemical properties to structural characteristics in explosive materials in order to better un-
derstand them. The methods developed in this way can aid government facilities (e.g. LLNL, Tyndall, etc.) 
in better understanding and characterizing energetic materials.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This work is directly relevant to the goals of DHS Science and Technology Directorate (S&T) and the TSA, 
which are currently seeking new techniques for improving airport security. It is likely that XRD can improve 
detection and/or false alarm rates when used in conjunction with conventional, transmission imaging ap-
proaches, but some of the fundamental and practical aspects of such an approach have not yet been ana-
lyzed. An integral part of this effort includes new methods for identifying threats through a combination 
of hardware and software, as well as developing tools for understanding and predicting the dependence of 
the measured signals on the material properties of an object. We propose to develop these tools and extend 
the fundamental science behind XRDT systems to affirm the relevance of XRD. Our work will benefit ongo-
ing and future DHS funded efforts, such as the current BAA 13-05 programs at the University of Arizona, 
Duke University, and Boston University on information theoretic analysis of X-ray imaging systems; the Rap-
iscan Systems, Smiths Detection, Morpho, and HALO X-ray Technologies Ltd programs on the development of 
checkpoint and checked baggage XRDT systems and associated algorithms; and future BAA 17-R-03 studies 
on related technology. The likely results will also aid the TSA, TSL, and the National Institute of Standards 
and Technology (NIST) in developing standards, calibration phantoms, simulants, and robust classification 
methods for XRD applications that have not previously been explored.
To this end, the outcomes of this project are likely to help:
• Stakeholders understand luggage from an XRD perspective (e.g., appreciate that confounders, interfer-

ents, and simulants are well-established for CT/AT systems, but wholly unknown in XRD) and develop 
solutions parallel to those in the CT/AT space.

• Define detector requirements for next-generation XRD systems and determine specifications on pixel 
size, count rates, and layout.

• Affect XRD imaging system design and determine requirements on coding and sampling approaches. 
• Improve threat detection and provide an understanding of to what degree XRD systems can improve the 

ability to identify and localize threats. 
• Create new tools for OEMs and government agencies to analyze and evaluate the performance of  
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next-generation X-ray systems.

B. Potential for Transition

The likely results of this program will directly impact current and future efforts in academia, industry and 
government. The database of XRD signals and MC software will be made available to interested authorized 
parties, such as the TSA, universities, vendors, and the ALERT COE to aid in fundamental studies of material 
discriminability and explosives detection. We are currently discussing such efforts with DSTL and Rapiscan.  
In addition, the recommendations regarding texturing mitigation strategies would likely impact the develop-
ment of key components of XRD systems, such as X-ray illumination strategies and energy-sensitive detectors. 
This is the subject of a recent DHS S&T BAA 14-02 proposal from Duke/University of Arizona/Smiths. Finally, 
the results and knowledge gained through the project will be shared with interested parties (e.g. university 
collaborators, Rapiscan, Smiths Detection, Morpho Detection, Bruker, Halo Technologies, etc.) through the 
publication of our findings in journals and participation at relevant conferences.   
We are already collaborating with Rapiscan and Smiths Detection by sharing our findings to date and 
incorporating their suggestions into our test plans. In addition, the preliminary results and insights  
gained will be used to inform requirements and specifications for next-generation XRD detectors (e.g. as 
part of Duke University/Redlen Technologies’ recently awarded proposals under DHS S&T BAA 17-03 and 
related proposal under 14-02). Our work has also inspired collaboration with Lawrence Livermore National 
Laboratory (Harry Martz) to extend our work on texturing to a more complete view material variability (in-
cluding threat and non-threat materials) jointly with dual-energy CT.
In Year 5, we will seek to engage with NIST, TSL, and TSA to make available our developed software and share 
our scatter database. Feedback from these agencies will also help us tailor our data acquisition procedure. 
In addition, we will continue collaborating with the vendors mentioned above and will reach out to Halo 
Technologies to better understand how our findings complement their XRD-related research. Finally, we are 
working with a group at University College London (UCL; London) to apply our techniques and findings to 
crime prevention measures outside of aviation security (e.g. contraband detection at borders and security in 
the mail system), and are using our general findings to support our medical imaging applications related to 
the detection of cancer.

C. Data and/or IP Acquisition Strategy

Acquiring the data for implementing this methodology involves:
• Building an experimental testbed for acquiring XRD signature: This effort has already been accomplished 

and measurements are currently underway using the system. This data will supplement the data also 
being acquired via a commercial XRD system (Bruker D2 Phaser).

• Building numerical models: We have already converted (and continue to convert) measured material 
data into GEANT4-compatible data files that can be incorporated into the diffraction model. We will then 
build a library of virtual test objects such as suitcases, shipping containers, and cargo containing multiple 
instantiations of materials of interest and simulate the data that would be measured using a variety of 
XRD imaging systems.

The intellectual property actions currently planned or being undertaken include:
• An invention disclosure has been filed for the Monte-Carlo simulation code at the Duke University Office 

of Licensing and Ventures. Determination for full IP will be made after additional development of the 
code. 

• Based on the results of our texture mitigation strategy, we plan to file an invention disclosure for an archi-
tecture best suited for measuring and/or being robust against texturing in XRD imaging.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R1: Characterization & Elimination of Illicit Explosives 

Project R1-C.3



D. Transition Pathway 

• Monte Carlo code transition:
 ○ At the end of Year 5, the Monte Carlo GEANT4 code will be made available to interested users and 

scientific community.

 ○ In addition to providing access to the code, we also aim to develop scientific research collaborations 
with end-users, customers, and industry partners to incorporate texture-based modeling into their 
work. These collaborations may seek additional grant funding to continue building research projects 
and infrastructure for the betterment of the scientific community.

 ○ We are currently in discussion with DSTL and Rapiscan about transitioning our Monte-Carlo simula-
tions to them for their research tasks. 

• XRD database transitions: 
 ○ At the end of Year 5, we will make the database of XRD form factors publicly available to interested 

users.

 ○ We are already using both the raw data and insights gained in analyzing it to aid the DHS S&T BAA 
13-05 Applied Quantum Technologies/Smiths/Duke effort (aimed at building the first coded aper-
ture XRD imaging machine for carry-on baggage inspection) and the DHS S&T BAA 13-05 SureScan/
UA/Duke effort (aimed at studying information theoretic optimization CT systems for checked and 
carry-on baggage inspection).

 ○ Once the database is more user-friendly and complete, we plan to share it with Rapiscan (who is also 
developing an XRD imaging system under BAA 13-05 and, potentially, BAA 17-03), as well as LLNL 
and TSA.

• XRD clustering/classification transitions:
 ○ At the end of Year 5, we will have both general conclusions about the range and variability of mate-

rials as well as specific conclusions related to the performance of newly developed (as part of this 
program) explosives detection algorithms based on XRD signals with varying degrees of degradation.

 ○ We are already using the results of our cluster analysis to develop novel classifiers as part of the DHS 
BAA 13-05 AQT/Smiths/Duke effort (which uses real data acquired using our prototype XRDT scan-
ner).

 ○ Going forward, we will share our findings with Rapiscan (and other interested OEMs) and Halo Tech-
nologies for implementation in their respective systems.

E. Customer Connections

• DSTL (UK) – Interested in using MC code for research. Research and financial agreements being drafted 
by Duke offices to proceed with code transfer. 

• Rapiscan (USA) – Discussions ongoing regarding initial NDA to permit detailed discussion of scientific 
projects. 

• Smiths (USA) – Close interaction on a weekly basis as part of this and related DHS projects.
• Redlen Technologies (Canada) – Interactions on a bi-weekly basis concerning ongoing and awarded fu-

ture DHS projects related to this work, as well as focusing on the development of next-generation ener-
gy-sensitive detectors for XRDT.

• MultiX Detection (France) – Discussions every couple of months about the future directions and opportu-
nities for their energy-sensitive detectors based on the findings of this program.
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• University College London (UK) – Recently initiated discussions on how to apply XRDT to crime preven-
tion in the UK and abroad.

• CEA-Leti (France) – Currently in the process of signing a non-disclosure agreement (NDA) to move to-
ward the development of detectors optimized for XRDT based on our conclusions from this program.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Summer research internships for 4 undergraduate students (Michael, Chris, Jesse, and Talha) 

and 1 graduate student (Bi).
2. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-

dents or Faculty
a. Summer research internships for 2 high school students. 

B. Peer Reviewed Journal Articles 

Pending – 

1. Zhao, B., Yuan, S., Wolter, S., & Greenberg, Joel.  “Material-identification-free Classification via X-ray 
Diffraction” (in preparation). 

2. Zhao, B., Yuan, S., Wolter, S., & Greenberg, Joel. “Energy-angle Correlations in Energy-dispersive Laue 
Diffraction” (in preparation). 

C. Other Publications

1. Wolter, S. “Substance Classification Using Material-science-informed Cluster Analysis.” X-Ray Diffrac-
tion: Technology and Applications (CRC press) (in preparation). 

D. Peer Reviewed Conference Proceedings

1. Yuan, S., Wolter, S., & Greenberg, J.A. “Material-identification-free Detection Cased on Material-sci-
ence-informed Clustering.” Proc. SPIE 10187. Anomaly Detection and Imaging with X-Rays (ADIX) II, 
101870K, 1 May 2017. DOI: 10.1117/12.2262942.

E. Other Conference Proceedings

1. Greenberg, J. “Characterizing, Modeling, and Mitigating Texturing in X-Ray Diffraction Tomography.” 
ALERT Year 3 Program Review. 

F. Other Presentations 

1. Poster Sessions
a. Carter, J.E., Spencer J.R., Buxton, C., Fenoli, J., Greenberg, J.A., & Kapadia, A.J. “Optimization of a 

Coherent Scatter Spectral Imaging System for Breast Cancer Detection.” 59th Annual Meeting of 
the American Association of Physicists in Medicine, Denver, CO, USA, July 30 - August 5, 2017.

b. Fenoli, J., Hoye, J., Sharma, S., Spencer, J.R., Harrawood, B.P., Segars, W.P., Samei, E., & Kapadia, 
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A.J. “Evaluation of Intra-Organ Dose Heterogeneity Using XCAT Phantoms.” 59th Annual Meeting 
of the American Association of Physicists in Medicine, Denver, CO, USA, July 30 - August 5, 2017.

c. Spencer, J.R., Carter, J.E., Buxton, C., Leung, C., McCall, S.J., Greenberg, J.A., & Kapadia, A.J. “X-Ray 
Diffraction Spectral Imaging for Breast Cancer Assessment.” 59th Annual Meeting of the American 
Association of Physicists in Medicine, Denver, CO, USA, July 30 - August 5, 2017. (Best in Physics - 
Imaging). 

G. Technology Transfer/Patents

1. Inventions Disclosed
a. IDF for Monte-Carlo Simulations (IDF submitted to Duke Office of License and Ventures on July 

15, 2017).

H. Software Developed

1. Databases
a. 3D XRD signal database showing the scatter intensity at each angle and energy for a variety of 

materials with multiple instantiation per material. We expect this to be ready for public access 
and transition by the end of Year 5.

2. Models
a. Monte-Carlo simulation in GEANT4 for texture-based modeling of X-ray diffraction (transition in 

progress, but final code will be made available at the end of Year 5).
3. Algorithms

a. Clustering and Linear Discriminant Analysis (LDA) approach to analyzing a library of 1D XRD 
signatures. Currently transitioning results to the Applied Quantum Technologies/Smiths/Duke 
DHS BAA 13-05 program. 

b. Support Vector Machine (SVM) and Random Forest classifiers for determining the threat status 
of an object without first identifying the material.
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