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Maxwell Yekel BS URI 8/2017

Chris Perez BS URI 5/2020

II. PROJECT DESCRIPTION

A. Project Overview

The aim of this project is to develop new methods for those involved in the Homeland Security Enterprise 
(HSE) to collect, handle, and store explosives, especially homemade explosives (HMEs), in a safe and effective 
manner. Because there are many applications where explosives must interact with other materials, a number 
of approaches have been developed. To date, the applications of this study have been: (1) safe trace explosive 
sources for canine and instrument training; (2) explosive sampling devices (swabs), which are effective at the 
pick-up and release of explosive residues; and (3) the investigation of X-ray explosive simulants. Explosives 
are rarely used in their pure form; they are generally mixed with a plasticizer or other formulating agent. Of 
concern to the HSE is whether components of HME compositions interact with each other, thus decreasing 
stability and increasing sensitivity, or the opposite. Of particular importance are the following: (1) safe han-
dling and storage of HMEs; (2) creation of better swabs; (3) creation of better vapor concentrators; (4) cre-
ation of canine training aids; and (5) creation of trace and bulk simulants. The specific aim depends on which 
of the specific goals enumerated above is being addressed. In any case, it is essential that the explosive and 
polymer are compatible, meaning the polymer does not promote the explosive decomposition nor enhance 
its sensitivity. Furthermore, it is important that no undesirable or unanticipated sorption of the explosive to 
the polymer occur.
This year, our project has resulted in two papers authored at the University of Rhode Island (URI), four pa-
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pers from our partners at two minority-serving-institutions (MSIs), as well as a provisional patent [1].  Both 
our MSI partners and our group have been awarded further Department of Homeland Security (DHS) funding 
for certain aspects of this research. This work has also resulted in a graduate student award in Year 2 [2], five 
graduated PhD students, of which one is working at TSL, and two at Tyndall AFB; one Master’s student at the 
FBI; and partnerships with three vendors (FLIR, DSA Detection, Detectachem) supporting trace explosives 
detection.
Safe-Scent Aids: One of the first research successes in this project was polymer encapsulation of triacetone 
triperoxide (TATP), which allows for the safe handling of a highly sensitive, volatile explosive. Polycarbonate 
(PC) microspheres containing up to 25% TATP have been demonstrated to last for years, yet produce pure 
TATP vapor when heated at a designated program rate. An appropriate polymer had to be selected, cleaned, 
and successfully introduced to TATP as the encapsulating material. Similar procedures produced encapsu-
lated hexamethylene triperoxide diamine (HMTD), although a residual solvent offered certain challenges. 
Further characterization was required to make these encapsulated peroxides into useful products. In the 
case of HMTD, the heating profile required to release the peroxide had to be determined. In the case of TATP, 
sensitivity characterization was necessary so that Department of Transportation (DoT) approval for shipping 
these aids could be requested.  DoT approval for shipping these aids as non-explosives was received in April 
2017. Hopefully, this will remove remaining barriers and result in successfully marketing these materials. 
The encapsulated peroxides provide canine handlers and instrument vendors with safe access to stored haz-
ardous explosives at trace levels for use in the detection, calibration, and validation of instruments as well as 
the training of explosives detecting canines. The new generation of training aids has been tested by a limited 
number of users due to the requirement for a specialized heating device to release the explosive scent from 
the polymer. From law enforcement and instrument vendors who have tested the product, we have received 
enthusiastic support. A prospective vendor of these training aids has built a compact heating device for use 
in the field and has made a couple of potential sales. The process of patenting and licensing to a commercial 
vendor is in progress. Major milestones this year include performing sensitivity testing and applying for and 
receiving DoT shipping approval as non-explosives. Both the TATP and HMTD have been encapsulated and 
the temperature profiled for release. Once these training aids are made available, and these activities reach 
a successful conclusion, the number of users will increase significantly. It is apparent that canine trainers 
and other users of the safe-scent aids require an entire suite of explosives. Efforts this year have focused on 
encapsulation of erythritol tetranitrate (ETN) and trinitrotoluene (TNT). Furthermore, a new method to en-
capsulate using supercritical CO2 was initiated (see further details in Section II.C. below).
X-ray Simulants: We have previously reported a way to develop simulants for liquid explosives. The primary 
X-ray detector used in that study was designed to examine hazardous liquids, and was capable of examin-
ing materials at two energy levels above and below 35 keV. This detector analyzed samples based on X-ray 
scattering rather than attenuation. Surprisingly, this method of making simulants for liquid materials was 
transferable to other types of X-ray instruments—a computed-tomography (CT) single-energy instrument 
and a CT of dual-energy. Initial work was undertaken toward preparing simulants for other solid HMEs. The 
work with solids has not been particularly successful due to inhomogeneous packing; however, we believe 
this approach is a useful way to make simulants of composite materials (explosives made up of more than one 
compound). Furthermore, it points to potential problems with the X-ray analysis of these types of materials. 
Details can be found in the Appendix to this report entitled “X-Ray Simulant Project.” 
In examining hair as a source of evidence of handling explosives, we were faced with the need for better 
swabbing materials. Interestingly, vendors who create swabs to accompany their explosive trace detection 
(ETD) systems often choose non-sticky materials such as Teflon, or Nomex. Presumably, getting the explo-
sive residue to release from the swab into the ETD is a bigger problem than picking up the explosive in the 
first place. We have taken the approach of putting an electrostatic charge on existing commercial swabs and 
demonstrating that, under most circumstances, holding them near explosive residues is more effective in 
picking up the residue than rubbing that area with an uncharged swab. Furthermore, when the swab touches 
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the inlet of the ETD, it is partially discharged, making it significantly less attractive to the swab. The lack of 
need for vigorous rubbing of the surface of interest means that these swabs are likely to pick up less back-
ground interferences, and are likely to experience longer life times.  A prototype charging station will be 
constructed.
In examining the thermal characteristics of ETN, it was decided to make an attempt to stabilize it. It has a 
relatively long temperature region between melt and violent decomposition – about 120o C, as compared to 
TNT (230o C) and PETN (50o C). That work is reported in [1]. 

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

Of all the Thrust R1 projects, this one most closely meets the day-to-day user needs within the Transporta-
tion Security Administration (TSA). It is addressing the requirement for canine training aids of hazardous 
materials and the need for more efficient swabs.
The HSE and other state and federal law enforcement agencies consider canines to be the gold standard for 
drug and explosives detection. For the canine explosives training aids, there were about 14 users during 
initial trials supervised by the Transportation Security Laboratory (TSL). The newest generation of training 
aids has been tested by a limited number of users because of a requirement for a specialized heating device 
to release the scent from the polymeric encapsulant. With an industrial partner, we are working on a compact 
heating device for use in the field. Once available, the number of users will increase significantly. The proto-
type heater was on display at the DHS Innovation Showcase in May 2016.
For the swab development, the most obvious user will be the TSA. This swab development program benefits 
from the direct involvement of DHS personnel from all divisions.
One reviewer during the Biennial Review noted the diversity of efforts in this project and suggested creating 
several projects. Should extra funding become available, this may be possible. However, without that, this 
project will remain in the cradle where new concepts are investigated.

C. State of the Art and Technical Approach

This project uses a variety of tools to determine the compatibility of various materials with explosives. In 
addition to standard laboratory analysis methods, this project has explored the use of reaction and titration 
calorimetry, atomic force microscopy (AFM), thermogravimetric analysis with infrared detector (TGA-IR), 
and various gas and liquid chromatographs as tools to aid this work. This project has also investigated new 
methods to package sensitive HMEs, and novel ways to collect explosives residues with the goal of an on-off 
collection methodology. This group produced the first TATP training aids in response to the sudden demand 
after the failed shoe bomb attempt on December 22, 2001. While these initial aids had many drawbacks, this 
project has prioritized the creation of safe, long-lived canine training aids for peroxide explosives. The encap-
sulated TATP resulted in a paper [3]; also, a student author won the National Security Innovation award of 
$10,000 [2]. Partnering with Detectachem to design and market the heating device has built strong industrial 
ties. Scientists at the National Institute of Standards and Technology (NIST) sent us a congratulatory email 
after seeing our presentation at the Annual Workshop on Trace Explosives Detection in April 2014; they had 
come up with something similar.
ETN and TNT microspheres were made using the solvent evaporation method employed for TATP micro-
spheres [3]. The procedure includes a shell material (polymer) and a core material (explosive) which are 
dissolved in a hydrophobic, volatile solvent. This solution of shell and core material is added to a stirring 
aqueous solution of a surfactant, creating a two-phase system. The polymer, being insoluble in water, precip-
itates around the core material as the volatile solvent slowly evaporates from the solution. The microspheres 
are then collected, washed, and baked at a low temperature.
Polycarbonate (PC) was selected for the ETN and TNT microsphere encapsulant. Thermoplastic polymers 
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were preferred because they soften at their glass transition temperature but do not decompose until higher 
temperatures. Polystyrene (PS) and poly(methyl methacrylate) (PMMA) were also tested. The chromatogram 
of the polystyrene heated to 150°C showed peaks, suggesting the need of a cleaning process.  PMMA micro-
spheres were abandoned because, upon heating, the IR spectrum showed the release of methacrylate and 
related molecules, which would have contaminated the explosive vapor. PC was chosen because it had been 
successfully used in TATP microspheres, and a cleaning method had already been developed. The pre-clean-
ing process consisted of heating the PC in a vacuum oven at 120°C for three days to ensure a clean chromato-
gram, free of small hydrocarbons.
TGA-IR was used to determine the success of explosive encapsulation. If the core material (the explosive) was 
encapsulated within the shell and was released on heating without polymer breakdown, then a single mass 
loss would be observed in the thermogram. As the temperature of the TGA increased, the polymer would 
soften, releasing the core material as a vapor; simultaneously, the sample mass would decrease.
The TGA-IR method consisted of heating about 10 mg of the sample at a rate of 20°C/min to 300°C. The 
evolved gases were carried through a transfer line to an IR spectrometer for vapor analysis. To compare the 
vapor released from the spheres, the spectrum of pure ETN was run by the same TGA-IR method used to 
characterize the microspheres. The temperature of the transfer line, which connects the TGA to the IR, had to 
be optimized to maintain ETN in the vapor phase while preventing any further decomposition. Temperatures 
from 80°C to 160°C were tested, but 120°C was considered the optimum temperature. The transfer line was 
held at 150°C for TNT, but this requires further optimization.   
The thermogram of a polycarbonate ETN microsphere only showed one mass loss around 190°C (see Fig. 1 
on the next page). The solvent used in the synthesis, dichloromethane (DCM), was completely evaporated 
during the cleaning/baking process because no mass loss around the boiling point of DCM (39.6°C) was ob-
served. No mass loss for the polymer should be observed in the TGA-analyzed range because PC does not de-
compose below 300°C. Furthermore, blank microspheres, made of only the shell material (polymer), do not 
show any mass loss, indicating the cleaning process was effective. The mass loss observed, which correlates 
to the IR spectrum at ~11 minutes, matches the ETN spectrum. Figure 2 on the next page shows the overlaid 
IR spectra of polycarbonate ETN microsphere vapor (blue) at 10.974 minutes, and of pure ETN vapor (red), 
thus indicating that the spheres are releasing only ETN. This is the desired result.
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Figure 1: TGA thermogram of a polycarbonate ETN microsphere.

Figure 2: Infrared spectrum of a polycarbonate ETN microsphere.
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The vapor of the microspheres was further analyzed by mass spectrometry (MS). About 50mg of the poly-
carbonate ETN microspheres was heated in a sealed headspace vial at 150°C for 1 minute. The headspace 
vapor was collected using a 1mL syringe and dissolved in 500uL of a 50:50 mixture of acetonitrile and buffer 
solution (10mM ammonium acetate, 10mM ammonium chloride, and 0.1% formic acid). The mixture was 
infused directly into the MS at a flow rate of 10uL/min using ESI- mode. The spectrum collected is shown in 
Figure 3. The peak at m/z 336.9656 corresponds to the [ETN+Cl]- adduct. The larger peak at m/z 363.9344 
corresponds to the [ETN+NO3]- adduct. The data shows that ETN did not decompose during the microsphere 
synthesis by solvent evaporation, or during the heating process to release the vapor from the spheres. This 
indicates that the PC microspheres achieved a controllable release of the ETN vapor.

In our lab, gas chromatography mass spectrometry (GC-MS) is usually used to characterize the vapor re-
leased by the microspheres, but ETN decomposes in the inlet when it is injected into the GC. For that reason, 
direct infusion was used to identify the intact molecule of ETN. Although the IR analyzed the vapor released 
from the microspheres, further tests with chromatographic separation were needed to confirm that no other 
gases were being released with ETN.
The thermogram of a polycarbonate TNT microsphere is shown in Figure 4 on the next page. The thermo-
gram shows two mass losses. No mass loss for the polymer should be observed in the TGA-analyzed range 
because PC does not decompose below 300°C. Both mass losses are likely from the core material, which could 
be degrading during the encapsulation process or contaminated with other synthesis by-product. The IR 
vapor cell did not collect enough gas for a significant signal to be acquired, so no spectral data to identify the 
released compounds was obtained.
Dinitrotoluene (DNT) is usually found in TNT and can be considered a permanent contaminate in the head-
space [4]. DNT has a higher vapor pressure than TNT; thus, it could be the material being released in the first 
mass loss [5]. The long mass loss from 150°C to 300°C is questionable. The melting point of TNT is 80.65°C 
[6]. TNT could be melting and slowly being vaporized throughout the heating range. However, ETN also melts 
at a low temperature, and this issue was not observed [6]. The synthesis and cleaning process of the TNT mi-
crospheres needs further improvement to ensure the presence of only one mass loss in the TGA and a clean 
TNT odor.

Figure 3: Mass spectrum of a polycarbonate ETN microsphere vapor.
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Because there was concern about a solvent lingering from the emulsion encapsulation technique, super-
critical carbon dioxide (CO2) was examined as an additional solvent to ensure the removal of the encapsu-
lation solvent, e.g. DCM. The Supercritical Anti-Solvent (SAS) procedure consists of dissolving the polymer 
and explosive in a nonpolar solvent, such as DCM. The solution is slowly pumped into a chamber into which 
supercritical CO2 is constantly being added. As CO2 is pumped through the chamber, the nonpolar solvent 
exiting the chamber is dissolved in the CO2. As the solvent is removed by the CO2, the polymer explosive 
sphere precipitates from the solution. The adjustable parameters in this process are the concentration of the 
polymer explosive solution, the flow rate of the solution into the supercritical chamber, the pressure of the 
CO2 chamber, and the temperature of the CO2 chamber. Each of these will have to be optimized to obtain the 
best results.
Various explosives (e.g. HMTD, TATP, ETN, and TNT) have been tested at various concentrations with PC as 
the polymer and DCM as the solvent. Figures 5 and 6 on the next page show thermograms of PC HMTD mi-
crospheres made through the SAS method. In both cases, PC and HMTD were dissolved in DCM and flowed at 
a rate of 0.5mL/min into the supercritical CO2 chamber containing 10mL of water. The instrument settings 
were as follows: CO2 flow rate was 20g/min; the electric heat exchanger temperature was 80°C; reaction 
vessel heater temperature was 75°C; cyclone heater temperature was 10°C; and pressure was 150 bar. The 
thermogram in Figure 5 shows a single mass loss of 6.5%, indicating successful encapsulation, while the 
thermogram in Figure 6, which should have been identical, shows only mass loss of 1.4% and possibly a two-
step loss. Thus, reproducibility is presently an issue. The use of supercritical CO2 is a clean method to create 
microspheres. However, many parameters still need to be optimized to produce a reliable microsphere.

Figure 4: TGA thermogram of a polycarbonate TNT microsphere.
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Figure 5: TGA thermogram of a PC HMTD microsphere made by the SAS method.

Figure 6: TGA thermogram of a PC HMTD microsphere made by the SAS method (same procedure as used in Fig. 5).
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D. Major Contributions

This work has resulted in a graduate student award, three PhD students (Dec 2016, May 2017, May 2017) 
and one Master’s student. Two graduates of this program now work at the ARA transportation lab at Tyndall 
AFB and one at TSL in Atlantic City. The work has also created partnerships with three vendors (FLIR, De-
tectachem, DSA Detection) supporting trace explosives detection. A number of papers were published (see 
below) by ourselves and both our MSI partners (from Cal State Polytechnic and New Mexico Tech). Both our 
MSI partners and our group have been awarded further Department of Homeland Security (DHS) funding for 
certain aspects of this research. 
In developing metrics and tools to judge explosive-polymer compatibility, AFM and micro-calorimetry were 
employed. Three papers have resulted from this work (in Years 1-3). AFM was used as a way to measure the 
adhesive forces between 7 polymer and 8 energetic materials.  Though Teflon was the least adhesive polymer 
for every energetic tested, no discernible preference among the other polymers could be established. Fur-
thermore, despite wide chemical variations in the energetic materials attached to the AFM tip, little bias for 
one energetic over another was observed. The lack of superior adhesion to one polymer over another was 
attributed to the effect of bulk properties, such as particle size, roughness, and contact orientation/angle, 
during force curve collection [7].    
Our safe-scent aids have progressed over the last four years, from learning how to encapsulate TATP and 
what to encapsulate it with to how to evaluate the results. We have a good product for HMTD and an accept-
able, but not perfect one, for ETN.   
The sampling techniques required by current swabs are inefficient and invasive. To counteract inefficient 
pick-up, swabbing greater surface area may increase the mass of the explosive collected but only if there is 
explosive contamination over the whole surface. Screening of hands, headdresses, and medical appliances 
requires physical contact that can be invasive and may expose passengers and screeners to biohazards. To 
avoid being intrusive or causing physical harm (medical devices), TSA operators may not swab certain areas 
otherwise of interest. Swabbing can also damage (scratch) some surfaces. The aim of this work is to create 
a reversibly switching surface capable of altering adhesive properties. A swab composed of such a material 
could maximize both pick-up and release of analyte particles for introduction to a detector. Modern explo-
sives swabs suffer from the fact that they can either adhere well and release poorly, or adhere poorly but 
release well. Both aspects are important to adequate delivery of the analyte to a detector system. An adhesion 
tunable surface controlled by a small electric charge (less than that of a 9V battery) or by a thermal stimulus 
could be a major accomplishment.  
Switchable swabs would attract explosive particles from about 3 cm away from the contaminated surface. 
This prevents the need for actual physical contact with a surface, and therefore speeds up the sampling pro-
cess, provides for greater privacy, possibly increases the overall swab lifetime, and perhaps minimizes the 
collection of certain types of interfering compounds. These advantages, coupled with higher pick-up and 
release efficiencies, will make for speedier, more pleasant, and more economical checkpoint operations while 
improving trace detector performance. Our approach involves new material synthesis to improve explosive 
pick-up; a successful material in this area may serve as a pre-concentrator. 
Our approach to creating CT simulants for liquid explosives proved to be transferable from a system based 
on X-ray scatter to two different CT systems. However, a number of issues have been encountered with solid 
explosives, especially those readily subject to different packing densities; it should be noted that this is a 
problem with the actual explosives. 

E. Milestones

• Swab work has shown that PETN, TNT, and RDX pick-up is enhanced by non-contact swabbing with an 
electrostatically enhanced Nomex swab, regardless of the substrate (about 13 substrates were inves-
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tigated). Furthermore, we believe the techniques developed in this study offer rigorous protocols for 
evaluating and comparing swabs. This work has resulted in the completion of a Master’s degree by one 
of our students.   

• Evaluation of other commercial swabs, such as Teflon-coated fiberglass, is in progress, as is evaluation of 
pickup of the ionic-species potassium chlorate. 

• TATP safe-scent training aids have received DoT approval for shipping as a non-explosive. Patenting and 
licensing issues remain. Surprisingly, there appears to be demand for similar training aids of more tradi-
tional explosives (e.g. TNT, RDX PETN). Year 4 addressed the challenges of creating training aids for TNT 
and for ETN. ETN and TNT are particularly challenging explosives to encapsulate since they decompose 
at such low temperatures; ETN stability was also examined under Project R1-A.1. The use of supercritical 
CO2 will be investigated in-depth in Year 5.

• ETN mixtures with a number of other explosives were examined. The idea was that these mixtures might 
be more stable than ETN itself, or that ETN-TNT mixtures might be more stable than PETN-TNT mixtures.  
It was shown that ETN-TNT eutectics could be made, but thermal stability has not yet been assessed. One 
paper has resulted from this work and one PhD graduate in May 2017.

• Our approach to creating CT simulants for liquid explosives proved to be transferable from a system 
based on X-ray scatter to two different CT-systems; however, a number of issues have been encountered 
with solid explosives, especially those readily subject to different packing densities. 

F. Future Plans

In Year 5, we will work towards creating a complete suite of canine training aids. This will provide dog train-
ers as well as vendors of explosive trace instruments with the option to work without bulk quantities of ex-
plosive materials; this is a huge advantage. Presently, vendors must pay exorbitant prices for dilute solutions 
of explosives or attain a Bureau of Alcohol, Tobacco, Firearms and Explosives (ATF) license and purchase 
storage magazines and the bulk explosives. Canine trainers often travel with their canine partner and bulk 
explosives in their vehicles.  Aside from cross-contamination of explosive types, this is a safety issue and 
could be a security concern as well. 
• The safe-scent training aids will be extended to cover the entire suite of TSA explosives that must be de-

tected by ETDs. The difficulty will be that each explosive may require a unique polymer and encapsulation 
method. This year, two of our employees attended an encapsulation training course. New instrumenta-
tion may also be required if our present emulsion methodology does not apply to the required polymers.

• The enhanced swab idea will be extended so that the device for charging is available for use at the check-
point, and protocols for use will be documented and tested. Questions to be answered include: 1) Charge-
on-swab versus explosive pickup; 2) What is the effect of touching the surface; and 3) To what extent are 
background contaminants eliminated?

• Our attempts to stabilize ETN for safe transport and storage will continue. Binders and encapsulants will 
be investigated, outside of the use in canine aids, but from the vantage of enhancing thermal stability and 
insensitivity.

• For controlling packing density, we will examine the X-ray characteristics of a few fuel/oxidizer (FOX) 
explosives. The long-term goal is to investigate the potential of simulants, while the short term goal is to 
assess the flexibility required in CT algorithms to allow detection.

• Coating and encapsulation of materials will continue to be of interest. Not only will we investigate en-
capsulation of energetic materials, but the encapsulation of potential additives to energetics will be in-
vestigated. For example, we have shown that the addition of parts-per-million (ppm) amounts of gener-
ally-recognized-as-safe (GRAS) metals to 3% or 12% hydrogen peroxide (HP) prevents its concentration 

ALERT 
Phase 2 Year 4 Annual Report

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

Project R1-C.2



from heating, instead promotes its decomposition. Furthermore, at ppm levels, metals do not affect the 
stability of HP at room temperature. Applying the same approach to 30% HP requires elevated levels of 
metals, which would negatively influence shelf-life. This could be avoided by encapsulating the metals 
with a coating that can be degraded by heating.  Thus, at room temperature, the 30% HP would be stable. 
Rather than concentrate the HP, heating would remove the polymer coating from the metals and expose 
the HP to their degrading effect. This requires a polymer compatible with both metal and HP, and which 
can be removed or softened by heating; hence, the need for metrics.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Progress in both the electrostatically enhanced swabs and the canine training aids has advanced sufficiently 
that their benefit to the TSA is obvious. Swabs, which obviate the need for vigorous rubbing of the surface, 
speed sampling, provide greater privacy, increase swab lifetime, and minimize collection of interfering com-
pounds. These advantages, coupled with higher pick-up and release efficiencies, will make for speedier, more 
amenable, and more economical checkpoint operations while improving trace detector performance.   
The safe-scent aids will provide dog trainers as well as vendors of explosive trace instruments with the op-
tion of working without bulk quantities of explosive materials. Presently, vendors must pay exorbitant pric-
es for dilute solutions of explosives or attain an ATF license and purchase storage magazines and the bulk 
explosives. Canine trainers often travel with their canine partner and bulk explosives in their vehicles.  This 
is a safety issue and could be a security concern, as well. Canine training aids are already in limited use at a 
number of facilities. The first shipment of these to customers is expected this fall.   

B.    Potential for Transition

This project addresses the necessary safe handling of explosives required within the HSE. We are in the pro-
cess of licensing the safe-scent trace explosive sources. The product is presently available for limited distri-
bution. Licensing to a vendor who has already invested in the project and lined-up customers is expected in 
Fall 2017. 
The electrostatically enhanced swabs effort has two commercial partners, FLIR and DSA Detection, who are 
handling potential commercialization. In addition, monthly conference calls reviewing our progress are at-
tended by members of the DHS Science and Technology directorate, TSL, and TSA [8].

C. Data and/or IP Acquisition Strategy

URI is pursuing the patenting of the safe-scent aids and licensing to a commercial vendor.

D. Transition Pathway & Customer Connections

This project addresses safe-scent samples of explosives. We have received requests to license the product and 
are working with Detectachem LLC. Because the need in the HSE community is great, this product is present-
ly distributed freely to those requesting it. This helps the HSE community and aids in product development 
via customer feedback.
This project addresses sampling partners. FLIR Systems, Inc. and DSA Detection are in place for transitioning 
this work. Government partners are invited to a monthly phone call with this group.
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IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities   

1. Course, Seminar, and/or Workshop Development
a. We have conducted 13 explosives classes on seven different topics ranging from fundamentals 

of explosives to safety in handling. Over 350 people attended these courses. See details listed in 
Section IV.H.

b. There was a new course offering in July 2017 called “Safe Handling of Explosives for Techni-
cians.”

c. Prof. Oxley has given six invited talks and will be giving two more in Summer 2017. 
2. Student Internship, Job, and/or Research Opportunities

a. We have or will have a number of visitors who come with the express purpose of learning how 
we handle HMEs and other energetic materials.
i. We hosted a young man from the Home Office (United Kingdom) for two days in May 2017.
ii. In July 2017, we hosted two students from the lab of last year’s MSI award recipient (Dr. 

Bakhtiyarov, New Mexico Tech) for a week.
iii. Having performed TNT equivalence tests for Advanced Technology Research Centre (ATREC), 

we were asked to host researchers from ATREC and are invited to send students to their fa-
cility in Singapore. No dates have been set for this interaction.

iv. See also Student Theses in Section IV.G.  
3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-

dents or Faculty
a. In Summer 2016, we had a visiting professor, Dr. Bakhtiyarov from New Mexico Tech, as well as 

one graduate and one undergraduate student from his group. He requested to return this sum-
mer, but decided to accept a DHS follow-on award instead.  

b. We have done three STEM related magic shows for K-12 students.
c. In Summer 2016, we initiated a collaborative learning program where high school teachers 

along with select high school students spent two 2-week sessions solving an analytical chemis-
try problem.

4. Training to Professionals or Others
a. See Section IV.H. 

5. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. Three PhD students graduated this year and are now employed (see Section IV.G. for details). 

B.    Peer Reviewed Journal Articles 

1. Colizza, K., Mahoney, K.E., Yevdokimov, A.V., Smith, J.L., & Oxley, J.C. 2016. “Acetonitrile Ion Supres-
sion in Atmospheric Pressure Ionization Mass Spectrometry.” Rapid Communications in Mass Spec-
trometry, 27(1), pp. 1796-1804.

Pending-
1. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.”  Journal of Physical Chem-

istry (Accepted).
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2. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., & Zeiri, Y. “Thermal Decom-
position of Erythritol Tetranitrate: A Joint Experimental & Computational Study.” Journal of Physical 
Chemistry (Accepted). 

3. Oxley, Jimmie C.; Smith James L.; Brown, A.C. “X-ray Simulants.” (In preparation).

C. Other Publications

Pending-
1. Bakhtiyarov, S.I., Oxley, J.C., Smith, J.L. & Baldovi, P.M. “Rheological Studies of Functional Polyure-

thane Composite: Part 1.  Rheology of Polyurethane Composite, Its Compounds with and without 
Solid Additives (Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0010.R1 (Accepted).

2. Oxley, J.C., Smith, J.L., Bakhtiyarov, S.I. & Baldovi, P.M. “Rheological Studies of Functional Polyure-
thane Composite: Part 2. Rheology of Polyurethane Composite with Solid Additives (Calcium Iodate 
Particles and Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0041.R1 (Submitted). 

3. Oxley, J.C., Smith, J.L., Porter, M., Yekel, M.J., & Canaria, J.A. “Potential Biocides - Iodine-Producing Py-
rotechnics.” Propellants, Explosives, Pyrotechnics (Accepted).

D. Other Non-ALERT Publications & Conference Proceedings

1. Oxley, J.C., Smith, J.L., Bernier, E., Sandstrom, F., Weiss, G.G., Recht, G.W., & Schatzer, D. 2017. “Character-
izing the Performance of Pipe Bombs.” Journal of Forensic Science. 24 May 2017. DOI: 10.1111/1556-
4029.13524.

2. Oxley, J.C.; Smith, J.L; Bakhtiyarov, S.I.; Baldovi, P. M. 2016. “A Complex Variable Method to Predict a 
Range of Arbitrary Shape Ballistic Projectiles.” Journal of Applied Nonlinear Dynamics (1), pp. 1-10.

3. Lindsay McLennan. “The Role of Thermal Analysis in Screening and Analyzing Co-crystallization of 
Energetic Materials.” North American Thermal Analysis Society International Conference, Orlando, FL, 
August 14-19, 2016.

4. Rebecca Levine. “Pyrotechnic Foams.” North American Thermal Analysis Society International Confer-
ence, Orlando, FL, August 14-19, 2016.

E. Other Conference Proceedings

1. Invited Lectures
a. Oxley, J.C. “How to Detect HME.” CBRNe International Conference, Lyon, Fr, May 29-June 2, 2017.
b. Oxley, J.C. “Explosive Analysis.” American Society for Clinical Laboratory Science Central New En-

gland, Providence, RI, May 9-11, 2017.
c. Oxley, J.C. “Perspectives on Checkpoint Security.” Advanced Development for Security Applications 

(ADSA) 15, Boston, MA, November 15, 2016. 
d. Oxley, J.C. “What the DHS-CoE does for Law Enforcement.” 2016 Texas Special Response Team 

Conference, Austin, TX, October 4, 2016.
e. Oxley, J.C. “Research into Improvised Explosives (HME).” 5th Australian Symposium on Energetic 

Materials, Adelaide, Au, September 27-29, 2016.
f. Oxley, J.C. “HMEs.” International Association of Bomb Technicians & Investigators, Halifax, CA, July 

18-22, 2016.
g. Oxley, J.C.  Why Study Explosives?” Wesleyan University, April 29, 2016.
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F. Other Presentations 

1. Seminars - See Section IV.D and E for presentations and invited lectures. 
2. Short Courses - Listed under Section IV.H (New and Existing Courses). 
3. Interviews and/or News Articles 

a. Mosher, Dave. “What a ‘nail bomb’ is and why they are terrifying improvised weapons.” Business 
Insider, May 23, 2017. http://www.businessinsider.com/nail-bombs-what-are-they-2017-5.

b. Cross, Ryan. “A look at the explosives used in the New York bombing.” Chemical & Engineering 
News, September 26, 2016. http://cen.acs.org/articles/94/i38/look-explosives-used-New-York.
html. 

c. Rice, Doyle. “This totally legal product was used to make the NYC bomb.” USA Today, Septem-
ber 19, 2016.  https://www.usatoday.com/story/news/nation/2016/09/19/tannerite-explo-
sive-bomb/90692338.

d. Greenmeier, Larry. “Chemicals Could Be a Key in Investigating the New York and New Jersey 
Bombings.” Scientific American, September 19, 2016. https://www.scientificamerican.com/arti-
cle/chemicals-could-be-a-key-in-investigating-the-new-york-and-new-jersey-bombings.

e. Mays, Kelsey. “Which New Cars Still Have Takata Airbag Inflators?” Cars.com, August 22, 
2016. https://www.cars.com/articles/which-new-cars-still-have-takata-airbag-infla-
tors-1420689912742.

f. Brown, Jennings. “Land Mines Kill Thousands A Year, But Can This Drone Help?” Vocativ, July 22, 
2016. http://www.vocativ.com/342975/land-mine-drone/.

g. Kelly Gormly Pittsburgh Quarterly magazine  July 21, 2017; interview about 1862 explosion of 
the Allegheny Arsenal during the Civil War.

h. Jensen, Alex. This Morning (Seoul, South Korea), June 14, 2017, radio interview.
i. Callimachi, Rukmini. The New York Times, May 2017, question.
j. Schaub, Ben. Daily Planet, April 2017, video interview.
k. Welch, Tom. Nutopia, CNN network crime series, February 2017, video interview. 
l. Wellner, Jon. Rosewood Productions, January 2017, question.
m. Jones, Conor. Outrageous Acts of Science, December 2016, question.
n. Rose, Sarah. Journalist writing book on WWII, December 2016.
o. Recchia, Scott. The Blacklist on NBC, September 2016, question.
p. Jerving, Sara. Vice New Tonight (TV), September 2016, question.          
q. Monahan, Kevin. NBC Universal, August 2016, question.
r. Piquet, Caroline. Le Figaro (French newspaper), July 2016, interview.
s. Vallone, Phil. CBS News, July 2016, question.
t. Salahuddin, Chelsea. CBS National News, July 2016, interview.

G. Student Theses or Dissertations Produced from This Project

1. Swanson, D. “Intermolecular Interactions of Energetic Materials.” PhD dissertation, University of 
Rhode Island, December 2016. Devon studied improved swabs, AFM, and co-crystalization of explo-
sives. After receiving his PhD, he took a job with ATK in West Virginia. 
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2. Porter, M. “Tools to Fight the Terrorist Threat.” PhD dissertation, University of Rhode Island, May 
2017. Matt studied FOX from small-scale in project R.1-A.1 to large-scale in project R1-B.2, and also 
examined HMTD. After receiving his PhD, he took a job with Esterline. 

3. Brown, A. “Improvised Explosives: X-ray Detection & Eutectics of Erythritol Tetranitrate.” PhD dis-
sertation, University of Rhode Island, May 2017. Austin studied ETN decomposition and eutectics as 
well as X-ray simulants. Austin is working for the Transportation Security Lab run by ARA at Tyndall 
AFB, FL.

4. Levine, R. “Interactions of Polymers and Energetic Materials.” Master’s thesis, University of Rhode 
Island, May 2017.

H. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Certificate Fundamentals URI May 3-5, 2016. 50

Existing Certificate Fundamentals Los Al-
amos Aug. 1-3, 2016. 43

Existing Certificate LANL Fundamentals Feb. 27-Mar. 1, 2017. 31

Existing Certificate LLNL Fundamentals Mar. 27-29, 2017. 28

Existing Certificate Fundamentals ABQ Aug. 29-31, 2016. 22

Existing Certificate Fundamentals  VA Oct. 25-27, 2016. 12

Existing Certificate Explosive Analysis URI May 6, 2016. 21

Existing Certificate Advanced Hazards 
Recognition May 12, 2016. 12

Existing Certificate TSA June 20-24, 2016. 23

Existing Certificate Air Blast May 16-18, 2016. 36

Existing Certificate Detonation & DDT, 
LANL Sept. 20-22, 2016. 28

Existing Certificate Dynamic Diagnostics, 
LANL Nov. 14-15, 2016. 21

Existing Certificate Dynamic Diagnostics Mar. 21-22, 2017. 25

 352 (Total)

I. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Oxley, J., Smith, J., & Canino, J. “Non-Detonable Explosive or Explosive-Simulant Source” is in the 

process of being converted from provisional to full patent. 

J. Software Developed

1. Databases
a. The Explosives Properties Database: Over 1000 members are registered for the database, of 

which 250 are associated with U.S. government agencies. http://expdb.chm.uri.edu/.
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K. Requests for Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-E personnel.
b. Professor Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment 

Working Group (IExTRAWG). 
c. Oxley is a member of the NAS committee on “Reducing the Threat of Improvised Explosive De-

vice Attacks by Restricting Access to Chemical Explosive Precursors.” http://dels.nas.edu/Study-
In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-66-86-I.

2. From Federal/State/Local Government
a. A TSA explosives specialist emails questions weekly and occasionally calls.
b. The new URI bomb dog and his trainer rely on our lab for advice and explosives training aids.

V. REFERENCES

[1] Jimmie Oxley; James Smith; Jonthan Canino. March 2013. Provisional Patent. U.S. Patent App. No. 
14/215,768  “Non-Detonable Explosive Simulant Source”

[2] First-Place Team 8th Annual National Security Innovation Contest; April 2014 for Safe Training Aids for 
Bomb-Sniffing Dogs; prize $10,000.

[3] Oxley, J.C.; Smith, J.L.; Canino, J.N. “Insensitive TATP Training Aid by Microencapsulation” J. Energetic 
Materials; 2015, 33(3), 215-228 and references therein.

[4] Jenkins, T.; Leggett, D.; Ranney, T. Vapor signatures from military explosives. U.S. Army Engineer Research 
and Development Center 1999, 1-40.

[5] Ostmark, H.; Wallin, S.; Ang, H. Vapor Pressure of Explosives: A Critical Review. Propellants Explos. Pyro-
tech. 2012, 37, 12-23.

[6] URI Explosive Database  http://expdb.chm.uri.edu/
[7] Oxley, Jimmie C.; Smith, James L.; Kagan, Gerald L.; Zhang, Guang; Swanson, Devon S. “Energetic Ma-

terial/Polymer Interaction Studied by Atomic Force Microscopy,” Propellants, Explosives, Pyrotech-
nics 2016 41(4), 623-628. 

[8] DHS contract for “Advanced Swabs for Near-Field Sampling” funded under BAA EXD 13-03.
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X-ray Simulant Project
Jimmie Oxley; James Smith; Austin Brown

University of Rhode Island

Abstract

A new approach to develop non-hazardous materials which to x-ray detection instrumentation simulated ex-
plosives and other related threats is presented in this work. Rather than trying to make universal simulants, 
which often do not provide adequate matches across multiple instruments, this method focuses on making 
more accurate simulants specific to the instruments they are designed on. These simulants could be used in 
locations where the actual threats cannot, e.g. vendors’ facilities, airports, and personnel training. 

Background

X-ray scanner response (RES) to a compound is based on its density (ρ) and effective atomic number (Zeff) e as 
well as constants related to the energy of the x-ray. Thus the development of simulants for x-rays has often fo-
cused on crafting materials that match both the density and Zeff of the threat.  One problem with this approach 
is that it is challenging to match these values, specifically the Zeff; which is directly related to the energy of the 
x-rays being used. Thus, a “Zeff match” is only good for the x-ray energy level for which it was created. The only 
way to match the Zeff across all energies would be to match the exact elemental composition of the material 
being simulated.
The first step in creating simulants for x-ray systems is understanding how the x-ray instrument response 
is related to density and Zeff.  Zeff is calculated by taking the sum of the Z’s for each component of the system 
raised to some exponential power weighted by their fraction of protons in the entire system. The value of this 
exponent depends upon the x-ray energy and the type of x-ray interactions being measured (i.e. transmission 
or scattering). For transmission it is often assumed to be 2.94 (Equation 1).1,2 

Where Z is the number of protons in a given atom; f is the number of protons in that atom divided by the to-
tal number of protons in the composition (which means the proton in H and O in aqueous solutions must be 
accounted for); and n is the exponent constant related to x-ray energy.
If the Zeff exponent can be predicted based on the energy of the x-ray system, the simulant development meth-
od of matching the density and Zeff of a hazardous solution becomes an option. Originally, the goal of this proj-
ect was to develop a theoretical model that could be used to create simulants for hazardous solutions based 
on density, the energies of the x-rays in a system, and Zeff at those energies. Our approach was to run sufficient 
samples of known composition and density so that by an iterative process the data could be fit to equation 
2. The value of n in equation 1 and the form of equation 2 were varied systematically as part of the iterative 
process. Based on the best fit, the exponent n in equation 1 could be established for that x-ray instrument. 
Unfortunately, this approach did not feasible, due to the polychromatic nature of x-ray sources.  Nevertheless, 
we were able to identify a number of effective simulants for threat liquids and elucidate a method for simu-
lant development applicable to certain instruments. 
Explosive precursors were used as the threat materials in this study:  nitrobenzene (NB), hydrogen peroxide 
(HP), and nitric acid (NA). Non-energetic materials used as potential simulant components are listed in Table 
1. Nitrobenzene was used as purchased. Hydrogen peroxide and nitric acid were concentrated or diluted as 

(1)

(2)
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required. Urea was ground by hand with mortar and pestle and diluted with magnesium sulfate. Other simu-
lant components listed in Table 1 were dissolved in water, making a suite of aqueous solutions for investigat-
ing x-ray response. The primary x-ray detector used in this study, designed to examine hazardous liquids, was 
capable of examining materials at two energy levels above and below 35 keV. This detector analyzed samples 
based on x-ray scattering rather than attenuation.  Samples were also examined on a computed-tomography 
(CT) single-energy instrument and on a CT of dual-energy. Materials used to gauge instrument response 
were categorized by their density and Zeff (Table 2).  Density was either measured, found in the literature3 or 
calculated as reported by Laliberte.4–6 Equation 1 with an exponent of 4 was used to estimate Zeff, and mole 
percentage of water was accounted for in aqueous solutions.  List of aqueous solutions employed and their 
estimated density and Zeff are shown in Table 2.

Results and Discussion

Rather than trying to match the actual density and elemental composition of a threat material, we attempted 
to match the output signals that the instrument produced through other methods.  Initial experiments varied 
the concentration of each liquid by addition of water. The instrument response at high and low X-ray ener-
gies (HE and LE, respectively) were plotted. For all solutions the concentration trendlines in a LE vs HE plot 
intersected at the water LE/HE response, a point which corresponded to 0% solute and 100% water (Fig. 1), 
which we termed the “zero” point. This observation led to the idea that solutions could be mixed to produce 
the desired concentration trendline.  Figure 2 shows the trends for aqueous BaCl2 and aqueous 2-propanol 
as well as the shift in LE/HE that could be expected when BaCl2 is dissolved in 40% 2-propanol solution.   
When prepared in 40% 2-propanol, the trendline for BaCl2 shifts its lower end (its 0% origin) from that LE/
HE of water to the LE/HE of the 40% 2-propanol. This being the case it became possible to calculate how the 
innocuous liquids could be combined to simulate the hazardous materials.   Figure 2 shows that a solution of 
approximately 40% 2-propanol with barium chloride (0.2%) might act as a simulant for nitrobenzene.
Calculated Trendline Shifting:  Microsoft Excel was used to estimate what innocuous liquids (e.g. A, B) and 
quantities or concentrations of A and B would simulate a threat liquid. In order to calculate the concentra-
tions of A and B needed to create a simulant, four plots were created: HE vs wt% A; LE vs wt% A; HE vs. wt% 
B; and LE vs wt% B. Trendlines were constructed for each of these plots resulting in four equations that were 
input into an Excel table to create the formulae for the shifted trendlines. The intercept for each set of equa-
tions corresponded to 0% solute and 100% water. Finding a simulant for a particular hazardous liquid, i.e 
matching its LE/HE, was done in two steps (Fig. 3a-3c).  First, the trendline for A had to be shifted so that at 
some concentration of A it passed through the desired LE/HE.  This resulted in a new 0% point for A (Fig.3b).  
Second, the trendline for B had to be adjusted so that the concentration of B required to pass through the LE/
HE of the threat material was also determined (Fig. 3c).  This approach involved solving four equations—LE 
and HE for each of A and B and resulted in a rough estimate of the concentrations of A and B necessary to 
create a simulant.  
The Excel approach described above assumed no interaction between component A and component B (BaCl2 
and KBr).  Sometimes the resultant match was excellent (Fig. 4a), and sometimes it was a bit “off” (Fig. 4b).  
When the simulant did not match exactly the actual threat material, small increases or decreases in the com-
ponent concentrations were made. This resulted in additional LE/HE data gathered on BaCl2 + KBr mixtures 
as the ratios of BaCl2 and KBr in water were varied. A total of twenty-five mixtures of BaCl2 + KBr were cre-
ated during the first attempts to create a hydrogen peroxide (HP) simulant, giving an additional 25 sets of 
LE/HE data (Table 2). By this method simulants were prepared for five concentrations of HP (Fig. 5).  The 
simulant attempts and adjustments are included for 65-90% HP in supplemental information (SI 1-4), 60% 
HP simulant matched on first try.
For liquids with densities lower than water, the LE/HE trends lines approached the water LE/HE value from 
the lower left corner (Fig. 1).  To reach these LE/HE values, it was necessary to prepare simulant mixtures 
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using at least one low-density organic material (see Table 2, CHNO samples).  Figure 7 shows the success of 
this method for creating a simulant for nitrobenzene. Original attempt and honing process for this simulant 
are included in supplemental information (SI 5)
Computed Component Mixing:  With the twenty-five additional LE/HE sets of data collected for the HP work, 
a sophisticated multi-equation problem solver such as Mathmatica could be used to generate two equations; 
one that predicted HE and one that predicted LE from the wt% BaCl2 and wt% KBr mixtures (Equations 2 and 
3).   With equations 2 and 3, simulants for any liquid threat material bracketed by the original 25 simulants 
could be prepared. To demonstrate the robust nature of the calculation, equations 2 and 3 were used to create 
simulants for four concentrations of nitric acid (NA). The three simulants for nitric acid that were within our 
original simulant boundaries matched on the first attempts. The fourth, which was outside of our boundar-
ies, was close but slightly “off,” requiring further adjustments (Fig. 6). Original fourth simulant attempt that 
required adjustment is included in supplemental information (SI #).

HE = - 0.6738x2 + 0.5865x - 0.05616y2 + 0.2842y + 0.6142      R2 = 0.999996                                                         (2)
LE = - 0.4693x2 + 0.3160x + 0.01635y2 + 0.3262y + 1.061       R2 = 0.999979                                                          (3)

where x = wt% BaCl2 and y = wt% KBr.
Potential Extrapolation of Method for Dual-energy CT:  Having successfully demonstrated a method for 
preparing X-ray simulants for a rather unique X-ray device, this method was tested for applicability on a 
dual-energy computed-tomographic (CT) X-ray.  Using a subset of the innocuous liquids listed (Table 1), we 
found that as the sample concentration decreased the trendlines for instrument output reported as “Zeff“ and 
“density” trended back toward water in a similar manner as observed on the original x-ray detector (Fig. 8). 
Using this data we attempted to create simulants for the dual energy CT using the trendline shifting approach 
described in Figure 3. However, the HE and LE of the innocuous liquids were replaced by the appropriate 
instrument output of density and Zeff.  Simulants were created for three concentrations of HP and one con-
centration of hydrochloric acid (HCl). The results are shown in Figure 9.
During two sessions, threats were analyzed on the dual energy CT. The first session threat data is shown in 
green, and the second is shown in blue. Simulants, shown in orange, were created from the first session data 
and analyzed during the second. The initial results for the three HP simulants were promising for creating 
simulants in this fashion. The deviation from the first session threat data and the simulant data was less than 
2% for the three HP simulants in both density and Zeff. The HCl data landed directly in the path of one of the 
aqueous solution trendlines, collection of data on a potential simulant is in progress.
Methods for Simulant Development for Single-energy CT: The one dimensionality of the single-energy CT 
response meant that our previous method could not be applied. On a single-energy CT, the histogram of the 
instrument response to the threat material, i.e. HP (Fig. 11) can be matched.  The ratio of the solutes to one 
another affects the histogram peak shape. Once the desired peak shape is achieved, increasing or decreasing 
the solutes in this ratio will shift the peak right or left, respectively, until their histogram overlays that of 
the threat material.   A simulant made of aqueous glycerol and BaCl2 was adjusted in this manner for 30% 
hydrogen peroxide (Fig. 11). Such an adjustment would not be possible on a dual energy X-ray; one of the 
approaches described above would be required.
Investigating Trendline Generation for Solids:  An attempt was made to investigate whether a series of 
solid solutions could be made that would also trend linearly to a single “zero” point, such as was observed 
with water.  To simulate solid solutions, ground urea was chosen as the solvent and MgSO4 as the solute; thus, 
the “zero” point would be 100% urea.  Urea and MgSO4 were mixed together in a variety of ratios.  These 
solutions were examined on single-energy CT.  Figure 10 compares shifts in the response of the single-energy 
CT to various concentrations of hydrogen peroxide in water to various concentrations of MgSO4 in urea. No 
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clear trend of signal response with concentration is observed in the solid.  Without a clear trend, the trendline 
method could not be used for predicting simulants. The samples used to collect the data used in Figure 10 
were remade.  The set of histograms collected with the new samples did not match those of the first sample 
set. Evidently, discrepancies in bulk packing density overwhelmed the effects of the inherent density and Zeff 
of the two components.

Conclusions

Several methods, which generated successful simulants for threat liquids, have been outlined.  These meth-
ods do not require knowledge of Zeff nor density. The simulants developed (Table 3) proved to be quite ac-
curate for the instrument for which they were designed. Each of these methods require that a database be 
created for a particular model of X-ray instrument and the response to both hazardous and benign materials 
be recorded. Application of these methods to solid threat materials may be possible, but bulk packing density 
inconsistencies need to be overcome.
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List of Tables and Figures

Table 1: Compounds used to make liquid x-ray samples.
Table 2: Innocuous liquids used to construct simulants.
Table 3: Twenty-five potential simulant mixtures of BaCl2 and KBr.
Figure 1: Response trendlines originating from water for many aqueous solutions.
Figure 2: BaCl2 response trendline shifted from origin of water to propanol passing through nitrobenzene 
response.
Figure 3: Illustration of the two-step approach to blending innocuous liquids to match response of threat.
Figure 4: First attempt to simulate 65% HP (5a, top) and 90% HP (5b, bottom). 
Figure 5:  Illustration of match between instrument response to threat and simulant.
Figure 6: Illustration of match between instrument response to threat and simulant.
Figure 7: Experimental results from collecting 150 and 200 data points each of nitrobenzene and a proposed 
simulant.
Figure 8:  Dual-energy CT response to various aqueous solutions.
Figure 9:  Dual-energy CT response to HP and simulants plotted with aqueous solutions shown in Figure 8.
Figure 10: Single-energy CT response to uniform variation in HP concentration in water (top) & MgSO4 con-
centration in urea (bottom).
Figure 11:  Matching instrument response-authentic compound and simulant.
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Table 1: Compounds used to make liquid x-ray samples.
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Table 2:   Innocuous liquids used to construct simulants.
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Table 3: Twenty-five potential simulant mixtures of BaCl2 and KBr.
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Figure 2: BaCl2 response trendline shifted from origin of water to propanol passing through nitrobenzene response.

Figure 1: Response trendlines originating from water for many aqueous solutions.
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Figure 3: Illustration of the two-step approach to blending innocuous liquids to match response of threat.
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Figure 4: First attempt to simulate 65% HP (5a, top) and 90% HP (5b, bottom).
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Figure 5:  Illustration of match between instrument response to threat and simulant.

Figure 6: Illustration of match between instrument response to threat and simulant.
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Figure 7: Experimental results from collecting 150 and 200 data points of nitrobenzene and a proposed simulant.

Figure 8: Dual-energy CT response to various aqueous solutions.
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Figure 9:  Dual-energy CT response to HP and simulants plotted with aqueous solutions shown in Figure 8.
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Figure 10:  Single-energy CT response to uniform variation in HP concentration in water (top) & MgSO4 concentration 
in urea (bottom).
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Figure 11:  Matching instrument response-authentic compound and simulant.
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