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II. PROJECT DESCRIPTION

A. Project Overview 

Determining if a material or formulation is detonable and determining if an adulterant has made a detonable 
material inert, are extremely dif icult problems that cannot be properly addressed unless better metrics are 
developed. That development is the goal of this project.  Because the potential matrix of threatening com-
binations of fuels and oxidizers is large, we seek to determine the characteristics required for detonability 
by bounding the problem in terms of each oxidizer and its ratio with each fuel. In the laboratory, we probe 
characteristics such as heat and gas release, and a full suite of chemical, thermal and sensitivity analyses to 
correlate to larger scale detonation performance tests.  A method which can successfully determine what 
formulations are potentially detonable would also reveal if “inerting” of an explosive had successfully made it 
non-detonable, or just “safer”.  To answer the questions: “What is potentially detonable?” and “Does adulter-
ation achieve non-detonability?” currently requires very large-scale testing, or a reliable small-scale test. The 
goal of the R1-B project is development of the latter—a reliable small-scale test which screens large-scale 
threat combinations quickly and inexpensively. We have taken a number of approaches to this problem. They 
are discussed below. 
Approach 1 (Calorimetry Plus):  The functionality of an explosive is highly dependent on bulk properties (e.g. 
density, lattice structure), but whether a chemical can detonate at all, requires that the molecule have certain 
molecular features. To be an explosive, the molecule must be able to react with chemistry that produces heat 
and gas; and this must happen rapidly enough that the detonation front is supported by the energy release. 
Examination of the atoms making up the molecule allows prediction of whether heat and gas can be pro-
duced.  This aspect of the molecule is being investigated in the R1-A.1 project.  Under that task, the thermal 
behaviors of 11 solid oxidizers and combinations of 13 fuels were determined using differential scanning 
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calorimetry (DSC), a technique requiring less than a milligram of material [1]. Their burn rate in air was 
visually estimated and found to roughly correlate with standard reduction potentials. The thermal studies 
highlighted the importance of a melt or phase change of one component of the formulation in triggering the 
reaction. These studies also indicated that the choice in oxidizer, outweighed the choice in fuel, in determin-
ing the total energy released. These exciting observations are the irst steps in inding behaviors observed on 
the milligram-scale that may correlate with detonability measured on the kilogram-scale.  Figure 1 is a plot 
of temperature of decomposition vs heat of decomposition [2, 3].  The fact that explosives clearly group in a 
different region than non-explosives suggests we can use thermal analysis of small samples as one metric to 
rate detonability.

We are following up the previous milligram-scale study with gram-scale experiments performed in an adi-
abatic calorimeter. A modi ication to the standard instrument allows collection of heat release and pres-
sure-rise data versus time as the formulation of interest is burned under a controlled atmosphere.  Most 
explosives will burn under argon atmosphere because they carry their own oxygen. The heat output, peak 
pressure, and rise time information are employed in predicting propellant performance, but it is unclear 
whether these parameters will be as effective in predicting explosivity.  Heat and pressure readings re lect 
the production of heat and gas, but pressure-rise versus time in a burn is a function of particle size, pressure, 
and atmosphere, not parameters. of strong importance to energy release in a detonation. Figure 2 (on the 
next page) shows that certainly some high explosives standout in terms of rise time and pressure.  The critical 
question of whether the reaction can happen fast enough to support detonation is usually found experimen-
tally. Future work includes attempting detonation testing as outlined in Approach 3. 

Figure 1: Plotting DSC (diff erential scanning calorimetric) response for peroxides (green diamonds), high explosives 

(blue square), dinitroarenes (red circles) and various energetic salts (pink triangles).
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Approach 2 (Energy Resolved Mass Spectrometry): Energy Resolved Mass Spectrometry (ERMS) is a term 
used to describe a process of increasing kinetic energy input into a trapped ion to determine the energy 
required for that material to fragment. ERMS probes one of the fundamental molecular properties—dissoci-
ation energies during gas phase ion impact with an inert gas. This technique has been used to distinguish be-
tween the fragments of very similar molecules [4], and more recently, between isomers of sugar compounds 
known as oligosaccharides [5-7]. ERMS data results in an S-shaped breakdown curve for the compound of 
interest as it transforms from intact to completely fragmented. Usually multiple curves are collected and an-
alyzed to gain additional con idence in the reported results (see Figure 3 on the next page). By examining a 
variety of explosive and non-explosive compounds in an ion-trap or a triple-quadrupole mass spectrometer, 
a correlation may be observed between ease of fragmentation from the energy input required and the rank 
order of detonability. 

Figure 2: Pressure versus time traces from an adiabatic calorimeter of various FOX mixtures.
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ERMS can potentially be used as a tool for distinguishing explosive materials (EM) from non-explosives (NE). 
The quick standard procedure for ERMS analysis is outlined below. A compound of interest (the analyte) is 
irst dissolved in appropriate solvent—usually water, methanol, acetonitrile, or combination thereof. The 

analyte solution is infused into the mass spectrometer where it is ionized and trapped in an electromagnetic 
ield. One ion mass can be isolated from hundreds based on its mass and charge. Extra energy is applied to 

that speci ic mass via radio frequency AC voltage. The energy is gradually increased from 0 to 50 eV in incre-
ments of 0.2 eV. At some point during this energy ramp, the ion will reach its critical point and begin to break 
into fragments. Based on the energy at which the molecule starts to fragment, and how long it takes to com-
pletely break down, the molecule can be classed as stable or fragile. We hypothesize that explosive molecules 
will be more fragile; requiring less onset energy than non-explosives, due to the nature of their bonds. Figure 
4 on the next page, shows an example of tetryl, an explosive (EM), and dimedone, a non-explosive (NE) that 
support this theory. Due to the noisy quality of the raw data, it is hard to distinguish where breaking begins, 
but tetryl appears to be more fragile than dimedone even by simple visual inspection. 

Figure 3:  Energy resolved mass spectrometry resulting in six breakdown curves from 0 eV to 50 eV in increments of 0.2 

eV. Explosive compound tetryl (ESI-, [M-H]-) (top) vs inert dimedone (ESI+, [M+H]+) (bottom).
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Approach 3 (Small-scale Detonation): Materials characterized as “explosives” release suf icient energy to 
“support” or “propagate” a detonation. Military explosives have been classi ied as such using detonation tests 
of prescribed size and initiating charge [8]. Homemade explosives (HMEs) often fail these tests because they 
release too little energy to support detonation in the prescribed tests; therefore, they are not recognized 
as real explosive threats.  However, these HMEs will perform as explosive materials if the charge size is in-
creased beyond a material-speci ic size, the critical diameter (Dcr). At sizes less than Dcr, an explosive will not 
propagate detonation; any conventional explosivity or detonability test performed under the critical diame-
ter of the material will indicate that the material is not an explosive. The critical charge size of many potential 
threat materials is so large that they are frequently not perceived as threats, when in reality they were simply 
tested below Dcr. For example, as dictated by shipping regulations, ammonium nitrate (AN) is not classed as 
an explosive, rather as DOT 5.1, because it does not propagate detonation at a diameter of 3.65 cm [8]. How-
ever, with suf icient AN (e.g. when the diameter exceeds 100 cm) it becomes detonable [9], as was accidental-
ly demonstrated by the explosion in West Texas in April, 2013 [10]. Field testing at large scales is hazardous, 
expensive and slow.  Thus, the goal of the R1-B projects is to determine whether a material is detonable at any 
scale by performing experiments with less than a few pounds of the material in question. A further complica-
tion exists in screening a material for explosivity. To con irm that a material is an explosive, traditional testing 
must be done well above critical diameter and with a suf icient initiating charge [11]. Thus, detonation failure 
can occur for several reasons including: (1) The material is too small in size; (2) It is insuf iciently initiated; 
or (3) It is not an explosive. Traditional detonability tests do not differentiate. 
For non-ideal explosives, a term which describes most HMEs, small-scale testing necessarily means studying 
these materials well below their critical diameters (Dcr). When steady detonation is not possible, conven-
tional metrics, such as detonation velocity, yield little information. New diagnostics must be devised. Several 
approaches to this problem have been considered. [12] 
Approach 4 involved actively soliciting other groups to join us in this effort. As a result, a group at Los Alamos 
National Lab (LANL) successfully probed evidence of detonable characteristics using 25 mL samples of hy-
drogen peroxide aqueous solutions of varying concentrations. While they were successful at that scale, they 
used instrumentation unique to that lab [13]. It has also been demonstrated by LANL researchers that the 
reaction zone of detonating nitromethane (NM) can be observed using Photon Doppler Velocimetry (PDV) 
[14]. We believe that a similar approach used to characterize a failing detonation can yield useful information 
about the material’s capacity to detonate, i.e. con irming or denying the existence of a critical diameter.

B. Biennial Review Results and Related Actions to Address 

From a FCC reviewer at the Biennial Review in December 2015: “Velocimetry (PDV) is by far the most intrigu-
ing and offers the highest potential for the introduction of new science into the program….This is a very high 

Figure 4: An example of Tetryl (EM) and Dimedone (NE).
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risk, high payoff investment effort and is progressing well into the third year.”
Because this is a high-risk, high-payoff project, three different approaches are being taken. It was suggested 
that “details of the experiments (what works and what didn’t work)” be compiled in some fashion.  We will 
make an effort to compile and pass on information relating to “this is how to get it to work” or “this is why it 
did not work.” For example, we have just submitted for review “Acetonitrile Ion Suppression in Atmospheric 
Pressure Ionization Mass Spectrometry,” which began as a problem with the chemical analysis of TATP and 
HMTD decomposition products and synthesis pathways. In this study, we discovered that ion fragments of 
these energetic peroxides, other peroxides, and ketones may not be detectable if the common LC/MS solvent 
acetonitrile is present.

C. State of the Art and Technical Approach

Calorimetry Plus: It has been some years since researchers have attempted to address the question of what 
chemicals are detonable.  Reference 2 is almost thirty years old, and reference 3, the only  research to follow 
up that work, is 14 years old.  Recognizing potential detonability on the small-scale is a tough problem.  Most 
researchers in industrial labs do not have the facilities or funding to correlate their lab results with actual 
detonation testing.  Researchers in government labs, who have the facilities and funding, usually do not have 
the need to do the correlation.  The need for them is recent due to the use of such a wide variety of materials 
by terrorists—making it impossible to screen all at full-scale. Approach 1 will be novel in providing a direct 
comparison set of heat, pressure, and burn rate data with detonation testing using the identical materials.
ERMS: To resolve the problem in assigning the exact beginning of the breakdown region, we focused our re-
search efforts on inding an algorithm for analyzing such data. The curves shown in Figure 3 can be averaged 
and analyzed in Microsoft Excel using methods developed in our lab. Figure 5 shows the analysis of tetryl 
as an example. Here we introduce some important parameters that are utilized for assigning the fragility of 
the ions. The breakdown onset marked at the top of the graph represents at what energy level ions start to 
break. That value de ines their fragility. To distinguish the onset of breakdown clearly from the noise, the 
value of 90% ion remaining was assigned as the breakdown onset, and the point for ion destruction was not-
ed as when only 10% of the ion remained. This 90-10 region (boxed in) on the x-axis of Figure 5 represents 
how long it takes for the ion to break.  This linear region of the breakdown curve reveals the beginning and 
duration of the fragmentation as well as a 50% collision energy (CE50) point, which represents half-life of 
the ion with regards to energy input. We believe it can be used for quick, cross comparison among different 
compounds.  
We applied the described method of analysis above to a set of explosive and non-explosive compounds in 
an effort to establish the baseline for our future work. The question was whether the difference between 
breakdown onset energies between two energetic and non-energetic compounds is signi icant to pursue our 
hypothesis. Data in Table 1 on the next page, illustrates that a signi icant difference does exist between these 
compounds. This promising method will be developed further in the next year. 
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Small-Scale Detonation Testing: When a shock travels into an inert material, the peak pressure and wave 
velocity attenuate in time. This is a familiar phenomenon since we have all seen how sound dies off with dis-
tance from the noise source. However, if a shock of suf icient strength transits through an energetic material, 
the bonds in that material break and reform into new product molecules; this conversion releases energy.  If 
the energy release occurs fast enough, the energy released contributes to the propagation of the shock front, 
and that shock reaches a stable low which does not attenuate as long as energetic material remains.  Fol-
lowing energy release, the hot product molecules expand and the elevated pressure in the region behind the 
shock front drops; this region is termed “the Taylor wave.”  A one-dimensional depiction of this behavior is 
shown in Figure 6 on the next page.  In three-dimensions, re lections from the charge boundary relieve pres-
sure from the chemical reaction zone at the charge edge, causing detonation front curvature and transferring 
some of the energy of the explosive into accelerating the charge con inement.  These effects are most severe 
at the charge boundary. At and below some critical diameter (Dcr), the losses at the edges overpower the 
energy production, and the detonation wave fails. For diameters larger than the critical diameter, the energy 
feeding the detonation far outweighs the losses at the edge, and the detonation wave will propagate.  

Figure 5: Averaged breakdown graph of the 6 curves shown in Figure 3 for tetryl.

Table 1: Comparison of onset (fragility) & total energies (longevity) of stable compounds (NE) & explosives (EM).
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Characterizing detonation behavior for sub-critical diameters of non-ideal explosives is extremely challeng-
ing. Unless supported by special device design, detonations fail for lack of suf icient and timely energy re-
lease from the reaction. Detonation velocity is used as a measure of explosive performance; high detonation 
velocities re lect the high rate of energy release of conventional explosives. However, if the energy release 
lags in time (i.e. the reaction cannot keep up with the shock), the shock wave will decouple from the chemical 
conversion process, and the detonation will “fail.” Thus, an accurate velocity pro ile gives critical insight into 
the presence or absence of chemical reaction fast enough to support the detonation front.  A versatile array 
of techniques will enable in-situ monitoring of both ignition and failure of detonation in real time. Using high 
speed photography and PDV, we may be able to discern phenomena, such as the decoupling of the chemistry 
from the shock front frame-by-frame. Visualizing the reaction wave should be straightforward with clear liq-
uid explosives, such as nitromethane or hydrogen peroxide because they should be radiating brilliantly while 
detonating. Our initial successful test of a hydrogen peroxide/ethanol mixture shows this to be the case in 
Figure 7 on the next page.

Figure 6: Simulated PDV interfacial velocity of detonation wave structure illustrating the reaction zone and Taylor wave 

regions.
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Our approach is novel because standard diagnostic tools will be used in an unconventional manner to study 
the transient detonation phenomena for con igurations in which stable detonation may not be possible. We 
have adapted three independent diagnostic strategies to approach the characterization of non-ideal explo-
sives using conventional diagnostic measurements, namely PDV and ultra-high speed photography.
Our present experimental con iguration is a cylindrical sample material or “acceptor” into which a shock 
wave is introduced by a cylindrical high explosive booster charge or “donor.” The time-resolved response of 
the acceptor to the imparted shockwave characterizes the acceptor as a potential threat by identifying if any 
detonation-like behavior was observed even if the acceptor is tested below its critical diameter.
The following three strategies will be approached using both diagnostics:  

1. Over-driven detonation failure:  A material may fail to detonate because it is below its critical diame-
ter, or because it has no explosive character at all.  By measuring detonation wave structure pro iles 
through time, detonable character and failure rates will identify detonable materials whose failure 
to detonate in conventional tests is simply a problem of charge size, rather than those whose chem-
ical contribution is too slow to grow to a detonation.  

2. Under-driven shock to detonation transition: Characterizing the ignition and growth to detonation 
of a sample already identi ied to have detonable character (Strategy 1) will indicate how easily a 
particular threat material may be initiated.

3. Steady detonation reaction zone structure: Direct measurements of reaction zone lengthening and 
weakening of a known explosive threat as a proposed diluent is added.  This strategy will indicate 
the maximum reaction zone thickness which can grow to a steady detonation and will guide inerting 
criteria.

In the irst experimental design—over-driven detonation (examination of failure pro iles)—potentially-ex-
plosive samples will be subjected to booster conditions which shock it to higher pressures and velocities than 

Figure 7: Development of detonation in hydrogen peroxide/ethanol mix (13.4%EtOH- balance 70%HP in water 

solution). Time between each frame collected was 3.3 us and each frame exposure = 30 ns. Shock-to-detonation tran-

sition is visible at approximately 26us from trigger.

ALERT 
Phase 2 Year 3 Annual Report

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

Project R1-B.1



the theoretical detonation conditions of that sample material.  This ensures that if detonation of that material 
were possible, it will exhibit detonation-like behavior in the initial (e.g. <5mm) stages of being shocked (i.e. 
before any sidewall effects can be felt). If detonation of that material is not possible, this test should reveal 
it as such, and the result is still useful information. In other words, this design distinguishes between deto-
nation failures caused by smallness of charge versus failures due to no explosive chemistry.  A shock wave 
traveling through inert, non-explosive samples will quickly attenuate (decay) at a predictable (using hydro-
codes) rate based on its thermodynamic properties; but if the sample exhibits detonable character, even if it 
is below its Dcr, the contribution of the chemical reaction can be measured by both PDV and ultra-high speed 
photography.  The PDV record, for this test and all others performed, follows the particle velocity vs. time 
pro ile by measuring the interfacial velocity of a sputter-coated, coaxial window in contact with the end of 
the cylindrical sample.  The emitted light from a chemical reaction behind the shock front (indicative of det-
onation) is observed with ultra-high speed cameras.  If the sample material exhibits detonable character in 
the initial stages, but is below its critical diameter, the velocity pro ile (PDV) and the emitted light (observed 
by cameras) will show the decay and eventual failure of the detonation wave into an inert shockwave. This 
decay process should indicate how far below Dcr the sample being tested is.  The Son group, also part of the 
R1 research thrust, has used a similar approach tracking the wave velocity of a decaying, over-driven detona-
tion; however, use of microwave interferometry precluded the study of any microwave-absorbing explosives, 
e.g. aqueous formulations, or any examination of detonation wave structure [15].  The effect of any shock-in-
duced chemical contributions from a sample, especially one slowly releasing energy, will not be observed by 
techniques recording only the shock velocity decay, e.g. velocity pins or microwave interferometer, because 
the chemical contribution of the sample is not released rapidly enough to support the shock front.  Late-time 
reactions will be invisible to these techniques, but the PDV approach we propose will visualize the entire 
wave pro ile, including decay, which will indicate the presence of late-time reactions and chemical contribu-
tions which did not contribute to the wave velocity attenuation. 
In order to track the attenuation of shock into a potential threat sample, we will collect the PDV record of 
end-on interfacial velocities for various lengths of sample. Comparison of signal attenuation among these 
samples and a baseline inert material will indicate whether the sample material is contributing energy to the 
shockwave, or whether it is attenuating the shock as in an inert.  Only by measuring the entire wave pro ile 
(not just the wave velocity), can the nature of chemical energy contribution be determined. The rate and na-
ture of quenching will indicate how far below critical diameter the tested con iguration is.  The wave pro iles 
of materials for which the critical diameters are known will be correlated to inert materials. The relationship, 
thus established, will serve as the benchmark for materials for which denotation or Dcr is unknown.   
The experimental setup requires the use of a polymethylmethacrylate (PMMA) window (see Fig. 8 on the 
next page), which is acoustically impedance-matched to the sample in order to avoid re lections from that 
surface, thus preserving the accurate particle velocity time history behind the shock front.  Accompanying 
PDV will be high-speed photography. It is expected to show reaction light (directly related to temperature of 
the sample) in the irst stage after the initial shock input, but this will be quenched if the sample is non-deton-
able or too far below its Dcr. The irst materials chosen for Design 1 are mixtures of HP and fuel. These HMEs 
can be clear liquids, which facilitate photo visualization; and being fuel-oxidizer mixtures, their chemical 
energy release can easily be tuned by adjustment of the fuel-oxidizer ratio. The experimental con iguration 
for this and the other two experimental designs explained in the remainder of this section are diagrammed 
in Figure 8 on the next page.
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The second experimental design—under-driven shock to detonation transition (SDT)—attempts to observe 
an energetic sample transition a weak shock (imparted from the booster) into a pseudo-steady detonation. 
This test requires that the sample tested has detonable character and is above its critical diameter; other-
wise, the detonation will grow into a pseudo-stable state then decay as in Design 1. In this experimental 
design, the shock input by the booster is below the theoretical conditions calculated for a stable detonation 
in the sample material.  
This transition begins as the booster-imparted shockwave traverses the sample without causing any chemi-
cal change.  The sample behaves as an inert material during this period.  As the shocked sample remains un-
der pressure loading, the chemical chain reaction begins to grow in the elevated pressures and temperatures 
behind the initial shock front.  After the reaction has been allowed suf icient time to develop, a visibly-bright 
reaction wave accelerates through the shocked material much faster than the initial shock.  This stage is la-
beled “superdetonation” because it is traveling faster than the steady state shock would. When the superdet-
onation wave overtakes the initial shockwave, it will decay to its equilibrium value, if the sample is above Dcr; 
or if the sample is below Dcr, it will be quenched at the point where they intersect with the shock rarefactions 
from the sample.  Until this happens, the center of the charge material proceeds as if the con iguration were 
in an “in inite diameter.”  In other words, the diameter of the charge takes effect only after the rarefaction 
waves have equilibrated, which takes longer for larger diameters.  This window of time for which the charge 
behaves in an in inite diameter can be simulated with hydrodynamic modeling tools, namely ALE3D from 
Lawrence Livermore National Laboratory (LLNL) and CTH from Sandia National Laboratory.  As long as this 
process can be completed while the experiment is kept in an in inite diameter state, the steady detonation 
conditions for that non-ideal material can be directly observed. LANL researchers have reported several SDT 
observations using magnetic embedded gauges including diluted nitromethane (Fig. 9 on the next page)[16] 
and concentrated HP solutions (no fuel added) [17].

Figure 8: Experimental confi guration -- template for all 3 experimental designs. To attenuate the booster shock (De-

sign 2), a polymer fi lm is added between the booster charge and the sample. Note: the sample charge length (orange) 

changes often for Designs 1 and 2, but for Design 3 it should be kept at least 4 charge diameters in length.
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This transition to steady-state detonation has not been previously observed with ultra-high speed imaging 
directly.  Our initial tests using this con iguration seemingly captured this phenomenon (Fig. 7). Figure 7 was 
taken using a Specialized Imaging SIMD16 camera at 304,000 frames/second (3.3μs inter-frame). The charge 
(13.4%EtOH- balance 70%HP in water solution) was contained in a 1” diameter by 4” long clear PMMA 
(polymethylmethacrylate) pipe equipped with a 1.1” diameter by 1.1” long cylindrical PETN-based boost-
er.  The charge was oriented vertically and initiated at bottom by the booster.  In frames at 9.9us and 19us, 
the under-driven wave propagates into the explosive. Initially, the shock wave enters the material with lat 
curvature (not pictured). In the following few microseconds (seen at 9.9us), the wavefront in the sample as-
sumed extreme curvature, channeling light from the booster to the camera.  The frame at 19us illustrates the 
inert shockwave travelling through the sample. The last frame (26us) illustrates the chemical reaction wave, 
which had been developing within the compressed region behind the shock, accelerating and overtaking the 
initial shock front in textbook SDT fashion.  While Figure 7 illustrates our ability to observe some detonation 
events and is a necessary milestone, this study of the reaction zones will be deferred until after experiments 
of designs 1 and 3 are performed.  Future tests will use PDV to con irm the photographic record interpreted 
as SDT.  Use of PDV will effectively simulate the magnetic gauge experiment of Los Alamos [16, 17] by testing 
subsequently longer charges to act as ‘gauges’ embedded in a larger charge [14]. 
The third experimental design using steady detonation—reaction zone measurements—will make direct 
measurements of the reaction zone length of steadily-detonating, non-ideal explosives.  Speci ically, it will 
observe the lengthening and weakening of the reaction zone as a result of dilution of an explosive material 
with an inert solvent. By measuring the structure of low in the reaction zone as the material approaches 
critical diameter, relationships between diluent concentration and the fraction of energy available to sup-
port detonation can be drawn. By comparing these measured values to the theoretical calculations for the 
maximum energy contribution, the fractional energetic contribution to the detonation will be obtained.  This 
reported value will greatly facilitate the understanding and prediction of the behavior of these materials.  
Once measured, the dynamic reactivity of these materials can be modeled and simulated in hydrodynamic 
reactive low codes.  
Los Alamos National Lab researchers have shown that the steady reaction zone of detonating NM can be 
measured using PDV (see Fig. 10 on the next page) [18]. They interpreted the length of the reaction zone by 
mapping the literature value for the particle velocity at which total reaction should have taken place.  In the 
experimental record, the time/special distance to this point was reported as the reaction zone.

Figure 9: LANL magnetic gauge SDT measurements of nitromethane/MeOH mixtures (left) [16], and hydrogen perox-

ide/water solutions (right) [17].
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A Russian research team uses the steady-state reaction zone assumption to measure the convergence of the 
Taylor wave immediately following the reaction zone, to determine reaction zone length (Fig. 11)[20].   If the 
steady assumption holds, the length of the reaction zone should be the same in the PDV record regardless 
of the charge con iguration (e.g. charge diameter, length, or booster size), but the Taylor wave (not steady-
state) should diverge.  By obtaining two or more PDV records of similar charges which differ only by one of 
these parameters, the Taylor wave divergence should begin at the end of the steady reaction zone.  Figure 11 
illustrates this.

Initial tests will con irm both methodologies by testing nitromethane, which was tested by both groups.  
This requires two independent tests at different lengths to con irm the steady reaction zone assumption.  
Successive tests will focus on diluted NM/acetone mixtures. As the adulterant concentration is increased, the 
reaction zone will begin to lengthen and weaken.  At some critical amount, detonation will fail to propagate; 

Figure 10: LANL approaches at studying steady detonation reaction zones with adulterated (sensitized [19] and dilut-

ed [18]) nitromethane.

Figure 11: Steady detonation wave profi les obtained by Russian scientists [20] for nitromethane illustrating the steady 

1-dimensional reaction zone (0-50ns) and the divergent Taylor wave (50-600ns) as evidence that the fl ow within the 

reaction zone remains steady as the charge confi guration changes.
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this is the critical diameter (Dcr). The study will examine the failure point of the NM/acetone mixture, as well 
as points of dilution beyond detonation failure. 

The diagnostic technologies used to characterize a growing (Design 2) and failing (Designs 1 and 2) detona-
tion fronts will also be used to measure the length of the chemical reaction zone.  Design 3 does not directly 
screen questionable materials for detonable character, but rather characterizes the nature of reaction zone 
lengthening as a function of available energy density.  For this test, a detonable material must be tested above 
its critical diameter, and the chemical energy available will be diminished in subsequent tests by dilution 
until its failure. This approach will speci ically measure what fraction of a non-ideal explosive’s energy is sup-
porting the detonation wave. 

D. Major Contributions

The thermal studies discussed in Approach 1 (Calorimetry Plus) highlighted the role that a melt or phase 
change in a fuel-oxidizer formulation has in triggering its reaction. These studies indicated that the choice in 
oxidizer outweighed the choice in fuel in determining the total energy released. These are signi icant obser-
vations and are the irst steps in relating milligram-scale behavior to detonability measured on the kilogram 
scale.   The fact that a plot of temperature versus heat of decomposition clearly groups explosives in a differ-
ent region than non-explosives suggests we can use thermal analysis of small samples as one metric to rate 
detonability.

E. Milestones

Calorimetry Plus:  We intend to complete a collection of calorimetry and pressure-rise data.  We also plan to 
use the Lawrence Livermore code Cheetah to predict detonability.  Although the FOX mixtures examined in 
Approach 1 are not new, our observations concerning their fundamental properties should allow correlation 
with their role as materials used by terrorists.  This correlation is a milestone for Year 4. 
EMRS:  The algorithm for statistical analysis will be re ined and a library of known explosives, as well as inert 
materials will be constructed.  Approach 2 (Energy Resolved Mass Spectrometry) may fail when truly insen-
sitive explosives are tested. Chemical analysis demands multiple approaches for conclusive identi ication of 
threat materials. A further assessment of these approaches is also a Year 4 milestone. 
Small-scale Detonations:  We intend to use a compilation of previous strategies to approach a small-scale test 
suite that can probe potentially explosive materials below what would be their critical diameter.  We have 
three major successes to report this year:  

1. Our facility and instrumentation have been acquired, set up, and proven fully functional.  The devel-
opment of an empty ield at the URI Alton Jones campus included the planning and construction of 
a 2200 ft2 building to house of ice space, lab space, and machine shop. The of ice is equipped with 
electricity, AC, heat, and has iring lines buried for the convenience of initiating experiments without 
having to run cable for each shot. The iring pad is a 20’ diameter circle, excavated and back- illed 
with sand to prevent rock-throw.  Immediately adjacent to the pad is a 10’ diameter by 20’ long 
buried instrumentation bunker. Cutting-edge diagnostics ielded therein allow observation of deto-
nation events.  

2. The irst experiment has shown the particle velocity of an RP-501 exploding bridge-wire detonator.   
This test con irmed the velocimetry record by allowing the re lective surface of an RP-501 detonator 
to expand into air. A bare iber probe was used to emit and transmit the incident and re lected light, 
respectively (see Fig. 12 on the next page).
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3. Our PDV con iguration was characterized by measuring end-on interfacial surface velocity of a PETN 
sheet explosive stack of (12) 1” diameter by  .080” thick discs which will later serve as the booster 
explosive for initiating non-ideal explosives. This con iguration utilized a 75um aluminum interfa-
cial re lector between the booster and the PMMA window. Our irst surface velocity tests are shown 
in Figure 13 (on the next page).  Using this approach, incremental shots of increasing lengths of sam-
ple material will reveal the non-ideal explosive’s response to this incident shock pulse as described 
in the irst experimental design. This initial test shows the impulse that will be used to initiate reac-
tion, and the sample materials will respond differently to this booster wave based on how detonable 
they are.

Figure 12: Sketch and data obtained from initial PDV tests at URI.  The surface velocity was predicted (CTH) and mea-

sured via PDV.  Predicted CTH calculations employ basic assumptions which can be fi ne-tuned for more accurate re-

sults, but agreeable velocities were obtained for the experiment [21].
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Visualizing the reaction wave with ultra-high speed photography in clear liquid explosives has been demon-
strated (Fig. 7). Replicates and repeats with other sample materials are necessary. The premise is that the 
initial shock wave will be unreactive for some time and the superdetonation wave will be visible as it runs 
through the shocked sample catching up with the shock front.

F. Future Plans

Calorimetry Plus: In Year 4, we plan to complete calorimetry experiments and begin detonation testing. The 
explosive behavior of FOX mixtures will be examined measuring the propagation of a shock wave through the 
material via high-speed camera and/or PDV, or by assessing damage to a witness plate. Data from large and 
small-scale experiments will then be compared.
ERMS: The algorithm for statistical analysis needs further re inement in order to analyze data in a consistent 
and independent way.  A library of known explosives should be constructed and analyzed using this meth-
od to verify the hypothesis. Along with explosive materials, stable compounds with similar functionalities 
should be analyzed to cross-reference and compare their fragility. Comparison of groups of explosives (e.g. 
nitramines, peroxides, nitroarenes, nitrate esters) by this method should parallel the sensitivity each explo-
sive has within that group. Various adducts required for the detection of some explosives (e.g. Cl- for ETN) 
must be compared across that group for consistency. The risk with this approach is that there may not be 
suf icient differentiation between chemically unstable materials and explosives.  Our mitigation strategy in-
cludes our multiple approaches to studying potential detonability. 
Small-scale Detonability: Using PDV and/or high-speed photography, we hope to develop new ways to exam-
ine growth to detonation, and failure in samples tested below their critical diameter. The tests outlined will 
yield information about the capacity to detonate on a scale larger than need be tested. The tests discussed 

Figure 13:  The time-domain (top, blue) and frequency domain (bottom, red) record of PDV-based experiment.  The 

maximum particle velocity pulse correlates to about 1.66mm/μs or 110kbars (11GPa) in PMMA.  PMMA has a phase 

transition above 25GPa above which it is no longer transparent.
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will not necessarily be performed in the order as outlined. Following the development of the detonation front 
by high-speed photography will be optimal for clear liquids; therefore, NM, and hydrogen peroxide (HP) 
formulations will be used initially.
Once proof-of-concept tests with clear liquid explosives are successfully completed, tests are planned for sol-
id oxidizer-fuel mixtures (FOX). Project R1-A.1 has already begun performing the laboratory characterization 
of FOX combinations. Characterizing the detonability of these mixtures will con irm or deny the existence of 
a critical diameter and hint at what scale that may be. Correlation of results with other small-scale tests may 
indicate that many formulations should be deleted from the threat list.  This test will also allow us to assess 
the effectiveness of a given diluent or adulterant in an explosive mixture. True safe limits for materials can be 
established, including commercial chemicals being manufactured on a very large scale (i.e. tons). Using these 
tests, inexpensive and small con igurations can be routinely conducted and interpreted to af irm if an explo-
sive threat is detected.  Achievement of these goals would be a breakthrough for the study of all detonation 
reactions.  Our goal is con irming or denying the existence of a critical diameter and establishing the limits of 
detonability in a material.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

There are, potentially, hundreds of explosive threat materials. Distinguishing between actual threats and be-
nign chemicals is of high interest.  This effort also extends to the question of concentration (e.g. absolute safe 
concentrations of hydrogen peroxide). These are the types of questions incoming from TSA and explosive 
trace detection (ETD) vendors. When the proposed tests are developed and executed, they will be available 
as screening tools to forge the answers to these problems.
This understanding of non-ideal detonation is an ongoing security research effort; URI’s Energetics Labo-
ratory was the only academic institution invited to the DHS Chemical Security Analysis Center & Explosives 
Division 1st inter-agency Explosives Terrorism Risk Assessment working group meetings established in May 
2015. The characterization of non-ideal detonation is also of valuable interest to insensitive munitions (IM) 
research efforts, which also require better metrics and diagnostics to track detonation kinetics. 

B. Potential for Transition

• R1-B.1 addresses the characterization of HMEs. We have received requests to license the database.
• R1-B.1 addresses safe samples of explosive. We have received requests to license our safe source of ex-

plosive vapor.
• Traditional transition methods, such as publications and presentations will also be used to transmit our 

new methodologies. 

C. Data and/or IP Acquisition Strategy 

As the data from the program becomes available it will be provided to the community through DHS, publica-
tions, and presentations. 

D. Transition Pathway 

R1-B.1 results will primarily be transferred to the user community by publications and presentations.
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IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, or Workshop Development
a. In May 2015, a hands-on course entitled “Explosives Analysis” was offered for the irst time; six 

members of the HSE came to URI to attend.  This class was offered again in May 2016 and enroll-
ment had to be capped at 23. 

b. “Advanced Hazard Recognition” was offered for the irst time to the Massachusetts JHAT team 
(HazMat specialists who travel with the state bomb squad).  Twelve attended on May 12, 2016.

c. Ten specialist classes were presented and reached about 230 people in the HSE. 
d. Invited Lectures:

i. Oxley, Jimmie, “Bombmaking 101: The Internet.” International Association of Bomb Techni-
cians & Investigators, Halifax, CA, July 18-22, 2016.

ii. Oxley, Jimmie, “Why Study Energetic Materials;” Chemistry Spring Colloquium, Wesleyan Uni-
versity, April 29, 2016.

iii. Oxley, Jimmie, “Energetic Materials Research at URI.” US Coast Guard Academy, New London, 
CT, January 21, 2016.

2. Student Internship, Job, and/or Research Opportunities
 Each URI project supports one or more graduate students. This is their best learning experience. Un-

dergraduates are also supported on the projects as their class schedules permit. Graduated student, 
Stephanie Rayome obtained a job with Virginia State Forensic Lab in February 2016.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty

 We have continued our K-12 outreach by hosting high school teachers in the summer and providing 
chemical magic shows at K-12 schools. High school teachers conduct research in URI labs for 8 to 10 
weeks under the mentorship of a graduate student.  As a result, 2 teachers have gone back to seek 
advanced degrees. 

 In summer of 2015, we hosted two Navy midshipmen and a Penn State engineer.  A professor of en-
gineering from NMT with two students will spend the summer of 2016 in our lab.

4. Training to Professionals or Others
 We trained 44 TSS-ES in two classes and approximately 230 people total involved in the HSE in ten 

classes.
 The Massachusetts State Bomb squad/JHAT team spent May 12 in our labs for a short course on 

Advanced Hazard Recognition.
 See additional information under Section IV.E.  

B. Peer Reviewed Journal Articles 

1. Oxley, Jimmie C.; Smith, James L.; Donnelly, Maria A.; Colizza, Kevin; Rayome, Stephanie. “Thermal 
Stability Studies Comparing IMX-101 (Dinitroanisole/Nitroguanidine/NTO) to Analogous Formu-
lations Containing Dinitrotoluene.” Propellants, Explosives, Pyrotechnics, February 2016, 41(1), 98-
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113. DOI: 10.1002/prep.201500150
2. Oxley, Jimmie C.; Smith, James L.; Porter, Matthew; McLennan, Lindsay; Colizza, Kevin; Zeiri, 

Yehuda; Kosloff, Ronnie; Dubnikova, Faina. “Synthesis and Degradation of Hexamethylene Triperoxide 
Diamine (HMTD).” Propellants, Explosives, Pyrotechnics, April 2016, 41(2), 334-350.  DOI: 10.1002/
prep.201500151

3. 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, January 2016, online.  DOI: 10.1002/prep.201500161

Pending -
1. Kevin Colizza, Keira E. Mahoney, Alexander V. Yevdokimov, James L. Smith and Jimmie C. Oxley “Ace-

tonitrile Ion Suppression in Atmospheric Pressure Ionization Mass Spectrometry” Journal of the 
American Society of Mass Spectroscopy, in review

C. Peer Reviewed Conference Proceedings

1. Swanson, D.  (Abstract only) “Noncontact Electrostatic Swabbing of Energetic Materials.”  Trace Ex-
plosives Detection Workshop, Charlottesville, VA, April 4-8, 2016.

2. Swanson, D. (Abstract only) “The Role of Thermal Analysis in Screening and Analyzing Cocrystalli-
zation of Energetic Materials.”  North American Thermal Analysis Society International Conference, 
Orlando, FL, August 15-19, 2016.

3. McLennan, L. (Abstract only) “Raman for Tracking Thermal Effects in Energetic Materials.”  North 
American Thermal Analysis Society International Conference, Orlando, FL, August 15-19, 2016.

4. Levine, R. (Abstract only) “Creation of Pyrotechnic Foams.”  North American Thermal Analysis Soci-
ety International Conference, Orlando, FL, August 15-19, 2016.

5. Oxley, J. “Ion Suppression by Solvent in LC-MS.” New Trends in Research Energetic Materials, Pardu-
bice, CZ, April 21, 2016.

6. Oxley, J. “Hexamethylene triperoxide diamine (HMTD).” Trace Explosive Detection Workshop, Char-
lottesville, VA, April 4-8, 2016.

7. Oxley, J.  “Issues in Explosive Detection: Sampling” SciX- The Great Scienti ic Exchange, Providence, 
RI, September 18, 2015.

8. Oxley, J. “Peroxides and other HME”, HME Working Group, Washington DC, September 4, 2015. 

D. Other Presentations

1. Seminars – See Section IV. A for education, invited talks & presentations
2. Poster Sessions—

a. For ALERT events & TED
b. Graduate student Austin Brown was selected to give a poster titled, In Support of Explosive De-

tection at the Trace Explosive Detection conference for his work on explosive simulants for CT 
(April 2016, Charlottesville).

3. Webinars—safety webinar for ALERT April 1, 2016
4. Short Courses-listed under education
5. Interviews and /or News Articles

a. (2016, February 19). Univ. of Rhode Island Develops Sensor to Detect Explosives. WBZ-TV/CBS 
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Boston. Retrieved from http://boston.cbslocal.com/2016/02/23/univ-of-rhode-island-devel-
ops-sensor-to-detect-explosives/

b. Callimachi, R. (2016, March 22). A Blurry Photo Hints at ISIS Tradecraft. New York Times. Re-
trieved from http://www.nytimes.com/2016/03/23/world/europe/brussels-suspects-photo.
html

c. Reynolds, M. (2016, March 22). URI Researcher: Bombs’ Chemistry is Key to Brussels Attack 
Investigation. The Providence Journal. Retrieved from http://www.providencejournal.com/arti-
cle/20160322/NEWS/160329762

d. Towne, S. Reported by Woods, R. (2016, March 23). URI Researchers Hope to Deter Use of Home-
made Bombs. WPRI EYEwitness News. Retrieved from http://wpri.com/2016/03/23/uri-re-
searchers-hope-to-deter-use-of-homemade-bombs/

e. Begin, J. (2016, March 23). Le même explosif qu’à Paris? La Presse. Retrieved from http://www.
lapresse.ca/international/dossiers/attentats-a-bruxelles/201603/22/01-4963616-le-meme-
explosif-qua-paris.php

f. Turco, R. (2016, March 23). URI Export: Bombs’ chemistry can help investigators of Brus-
sels attacks. ABC 6 News. Retrieved from http://www.abc6.com/story/31550931/uri-ex-
pert-bombs-chemistry-can-help-investigators-of-brussels-attacks 

g. Freedman, A. (2016, March 23). Lethal ingredient ISIS uses in bombs is easy to get and hard 
to track. Mashable. Retrieved from http://mashable.com/2016/03/23/isis-bomb-ingredi-
ent/#7DczyuAd1Zqh

h. Lamfalussy, C. (2016, March 23). Il a fallu “plusieurs semaines” pour fabriquer les bombes de 
Bruxelles. La Libre. Retrieved from http://www.lalibre.be/actu/belgique/il-a-fallu-plusieurs-
semaines-pour-fabriquer-les-bombes-de-bruxelles-56f2f40b35708ea2d3d94bf3

i. Bagni, A. (2016, March 23). Local experts not surprised by Belgium attack, bomb materials. Turn-
To10 Channel 10 News. Retrieved from http://turnto10.com/news/local/local-experts-not-sur-
prised-by-belgium-attack-bomb-materials

j. (March 23, 2016). Counterterrorism Experts Call for More Security Around Airports in Wake of 
Attacks. Inside Edition. http://www.insideedition.com/headlines/15431-counterterrorism-ex-
perts-call-for-more-security-around-airports-in-wake-of-attacks

k. McDermott, J. (March 23, 2016). Explosive linked to Europe attacks easy to make, detonate. The 
Associated Press. Retrieved from http://gen2.synacor.net/news/read/category/US/article/the_
associated_press-explosive_linked_to_europe_attacks_easy_to_make_de-ap

l. Tremonti, A (host). (2016, March 24). The Current Transcript for March 24, 2016. CBC Radio. Re-
trieved from http://www.cbc.ca/radio/thecurrent/the-current-for-march-24-2016-1.3505338/
mar-24-2016-episode-transcript-1.3506845

m. Russel, A. (2016, March 25). TATP or ‘Mother of Satan’: the homemade explosive used by ISIS. 
Global News. Retrieved from http://globalnews.ca/news/2600801/tatp-or-mother-of-satan-
the-homemade-explosive-used-by-isis/

n. (March 29, 2016). An Hour with Bob [Television Broadcast]. Retrieved from https://www.you-
tube.com/watch?v=h-2q84ZXEtg

o. Jacoby, M. (2016, March 29). Explosive used in Brussels isn’t hard to detect. Chemical & Engi-
neering News. Retrieved from http://cen.acs.org/articles/94/web/2016/03/Explosive-used-
Brussels-isnt-hard.html
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E. New and Existing Courses Developed and Student Enrollment

Course/Module/

Degree/Cert.
Title Description

Student 

Enrollment

New Certifi cate Fundamentals for Oper-

ators

Fundamentals off ered for the 

non-college graduate

17

New Certifi cate Advanced Hazards Recog-

nition

Basic chemistry of explosives, 

HME, hands-on components

12

Existing Certifi cate Materials Characteriza-

tion 

Eff ect of measurement & eff ect 

of physical properties

17

Existing Certifi cate Stability, Compatibility Safe handling, compatibility, 

contractors’ safety manual 

17

Existing Certifi cate Detonation & DDT Detonation & DDT 18

Existing Certifi cate Warheads Mechanics Warheads issues in designs 18

Existing Certifi cate Fundamentals of Explo-

sives

Basics of chemistry, shock, det-

onation, HME, devices

24

Existing Certifi cate Fundamentals of Explo-

sives

Basic chemistry, shock, detona-

tion, HME, detection

50

Existing Certifi cate Air Blast Calculations of structure and 

human response to blast

36

Revised Certifi cate Explosives Analysis Heavily revised to accommo-

date large groups in hands-on 

laboratory

21

F. Technology Transfer/Patents

1. Inventions Disclosed
a. Patent Applications Filed (Including Provisional Patents) Jimmie Oxley; James Smith; Jonathan 

Canino.“Non-Detonable Explosive or Explosive-Simulant Source” is in the process of being con-
verted from provisional to full patent.  

G. Requests for Assistance/Advice

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

Group (IExTRAWG). In addition to group meetings, a representative was sent to URI for 2 days in 
August so that we could inalize the metric for selecting threat materials.

c. Commissioner of U.S. Customs & Border Protection and former Director of the Of ice of National 
Drug Control Policy, R. Gil Kerlikowske, came to visit on April 13, 2016. He has asked individuals 
from the CBPs National Targeting Center to follow up with further conversations.

2. From Federal/State/Local Government
a. The Massachusetts State Bomb Squad and Hazmat (JHAT) team spent May 12, 2016 in our labs 

for a short course on Advanced Hazards Recognition.

Table 1: Courses off ered in Year 3
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