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      Preface

      Detection and quantification of trace chemicals are a major thrust of analytical chemistry. In recent years, much effort has
         been put into developing detection systems for priority pollutants. Less mature are the detections of substances of interest
         to law enforcement and security personnel: narcotics, chemical agents, and explosives. This volume will discuss the detection
         of the latter, emphasizing explosive detection both because of its public importance and because it has undergone remarkable
         developments in the last decade.
      

      
      Terrorist events in the late twentieth century, for instance, airplanes blown out of the sky, such as PanAm 103 over Lockerbie
         and UTA 772 over Africa, and attacks on U.S. cities, for example, on the World Trade Center in New York in 1993 and the Murrah
         Federal Building in Oklahoma City in 1995, emphasized the danger of concealed explosives and led to calls for new technology
         to protect the public. However, because most explosives release little vapor, it was not possible to detect them by technology
         widely used on other organic substances. After PanAm 103 was downed over Scotland, the U.S. Congress requested automatic explosive
         detection equipment be placed in airports.
      

      
      Given the breadth of the field of explosives detection, we have had to be selective; nonetheless the group of distinguished
         contributors has dealt with a broad spectrum of the key technologies as well as some of the operational and legal issues.
         Many aspects of explosives detection, for instance, ultimate technical capabilities, operational tactics and limitations,
         are quite properly kept secret by government agencies. Particular care has been taken in the preparation of this work to ensure
         that no such material is improperly disclosed. This volume outlines the history of explosive detection research, the developments
         along the way, presentday technologies, and what we think the future holds. Written at graduate level and heavily referenced,
         we hope it will be of value and interest to practitioners, researchers, and students of this important and rapidly evolving
         subject.
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      1. Explosive Detection Technology – The Impetus
      

      There has always been a need to detect the presence of threats. The classical threats from smuggled weapons and poisons remain,
         but new threats from explosives as well as from chemical and biological agents must also be considered. Threat must be defined
         rather broadly, to include both immediate threats, for example, a bomb on an airplane, and longer term threats, for example,
         smuggled drugs. To prevent explosions requires the detection of bombs, bomb makers, and bomb placers.
      

      
      The functional components of a bomb are a control system, detonator, booster, and a main charge. Such threats can often be
         recognized from their shape. These can be viewed as bulk detection issues, historically addressed by imaging techniques such
         as sight or touch. Other threats may take no particular physical form and can only be recognized by their chemical composition.
         These are often trace detection issues, historically detected by the sense of taste or smell.
      

      
      In modern times, many techniques have been investigated for the detection of explosives and illicit chemicals. The main impetus
         has been for military applications. For example, a great deal of work was carried out in the period 1970–1990 to develop rapid
         methods and instruments for battlefield detection of chemical warfare agents. There was the development of colored test papers
         (e.g., the M256 detection kit introduced into US Army service in 1978), the UK deployment of nerve agent-immobilized enzyme
         alarm and detector, and the production of early models of ion mobility spectrometers (IMSs) for identification of a range
         of chemical warfare agents (e.g., the Chemical Agent Monitor adopted by the UK Armed Forces in the late 1980s) [1]. Similarly, instruments for breath alcohol were developed to aid law enforcement officers in the fight against drunken driving
         [2], and a number of simple field tests and kits for the rapid screening of suspect illicit drugs [3] were produced.
      

      
      Throughout the latter part of the twentieth century the UK experienced a ferocious campaign of Irish terrorism, Israel was
         the target of frequent Palestinian bombings, and Spain suffered from attacks by Basque terrorist group ETA (an abbreviation
         in the Basque language: “Euskadi Ta Askatasuna”, which translates into English as “Basque Homeland and Freedom”). In Eastern
         Europe, Chechen terrorists conducted a number of horrific attacks in Russia, whereas in Asia numerous terrorist bombings took
         place in Sri Lanka. At the same time, attacks against US interests continued around the world (Table 1).
      

      
      Table 1. Terrorist attacks influencing US explosive detection efforts

      	Date
               	Target
               	Method
               	Killed
               	Wounded
            
	1983
               	US Marine Barracks, Beirut, Lebanon
               	∼5000 kg bomb
               	241
               	 
            
	1988
               	Pan Am 103, Lockerbie, UK
               	∼400 g bomb
               	269
               	 
            
	1993
               	World Trade Center, New York, USA
               	∼500 kg bomb
               	6
               	∼1000
            
	1995
               	Murrah Building, Oklahoma City, USA
               	∼2000 kg bomb
               	168
               	∼1000
            
	1996
               	Khobar Towers, Saudi Arabia
               	∼7000 kg bomb
               	19
               	Hundreds
            
	1998
               	US Embassies in Kenya & Tanzania
               	∼1000 kg bombs
               	224
               	Thousands
            
	2000
               	USS Cole, Yemen
               	∼500 kg bomb
               	17
               	39
            
	2001
               	World Trade Center, New York, Pentagon & Pennsylvania
               	Hijack & crash airliners
               	∼4000
               	Thousands
            

Although both the UK and US military had supported some developmental work on explosive detection, the event that launched
         new efforts in explosive detection was the downing of Pan Am Flight 103 over Lockerbie on 21 December 1988. Shortly afterward
         the US Congress passed the Aviation Security Improvement Act (Public Law 101–604), directing the Federal Aviation Administration
         (FAA) to set standards for acceptable detection (covering not only the type and amount of explosive, but also sample throughput)
         and “certify” instruments that met those standards. Other countries also mounted similar programs, notably the UK and Israel.
      

      
      The investigation into the sabotage of Pan Am Flight 103, which left 269 dead, indicated that the explosive used was Semtex
         H, a plasticized mixture of hexahydro-1,3,5-trinitro-s-triazine and pentaerythritol tetranitrate, and that the amount used
         was half the quantity that the fledgling technique of Thermal Neutron Analysis (TNA) was designed to detect. Although the
         placement of the explosive device was fortuitous (from the terrorists’ point of view) and the suitcase had not been screened
         by TNA, this event killed the TNA prototype program.
      

      
      Progress toward setting certification standards was slow so that in 1991 the Office of Technical Assessment was quite critical
         of the FAA’s efforts [4, 5]. One of the FAA’s responses was to create the first of many National Research Council committees to review and advise [6]. By 17 July 1996, when TWA 800 crashed taking off from New York, one system, the InVision CTX 5000, had obtained certification
         but appeared nowhere near deployment. The crash of TWA 800 and the accompanying suspicion that it was an act of terrorism
         changed the paradigm. Congress mandated deployment of non-certified detection systems and, more importantly, supplied the
         funding to support their purchase. The influx of money provided by Congress spurred the industry, which had previously only
         dabbled in explosive detection, to spend serious money on research. Furthermore, the terrorist attacks on US soil on 11 September
         2001 made the threat sufficiently real to the American public that stringent security measures, once thought to be intolerable,
         could be put in place. The ensuing Afghanistan and Iraq wars provided a massive increase in government funding for explosive
         detection and defeat. Further impetus was provided to research in the UK by the attacks against public transport in London
         in July 2005 and threats in the summer of 2006.
      

      
      2. The Problem
      

      In considering detection issues, we need to find ways of narrowing down the scope so as to focus on questions that can be
         addressed and solved in practice. This involves making some assumptions about what a terrorist or other bomb maker might do
         and why they might do it.
      

      
      The problem of threat detection can be considered on several different axes, as follows:
      

      	the malefactors;

         	the location – airports, public buildings, vulnerable high-value facilities;

         	the target – airplanes in luggage, in cargo, on people; and

         	the threat – weapons, drugs, explosives, bombs.

      
We can reasonably divide such malefactors into the following four groups: (1) state-sponsored actors; (2) non-state-sponsored
         actors; (3) criminals; and (4) mentally disturbed or immature persons. Each of these groups has individual characteristics
         that impinge on our strategy for bomb detection. However, each also requires the same basic four requirements, namely, motivation,
         knowledge, capability, and access.
      

      
      Criminals and mentally disturbed or immature persons are both likely to be limited by the availability of materials and knowledge.
         In addition, criminals are quite likely to be more susceptible than the other groups to deterrence by visible and effective
         security measures. Thus, the first two groups – state-sponsored actors and non-state-sponsored terrorists – are the main threats
         on which explosives detection needs to focus. Unfortunately, this conclusion implies the need for detection of military, commercial,
         and improvised explosives and does not greatly help in narrowing down the issues.
      

      
      The geographical location, such as an airport or building, whether the threat is on (or in) people or objects, the target
         mobility, and whether the target is moveable or fixed are all factors that impose constraints on the detection techniques
         employed and influence the operational deployment. For example, high-energy X-rays might be used to screen baggage containers
         but most certainly could not be used to screen thoroughbred racehorses. In many instances, the location and nature of the
         target will be the predominant factor in choosing a detection strategy. This is a multidimensional problem. The issue needs
         to be viewed as a whole; different approaches are needed depending on the scenario, and what works in one arena may be operationally
         impractical in another. For example, the installation of security screening and explosives detection systems at airports has
         had significant physical impacts in terms of the space required for equipment and also upon the flow of passengers through
         facilities. Quite detailed studies of traffic flows need to be conducted to ensure that security procedures do not impair
         the overall function of a facility. Such considerations are of course much easier to resolve in new buildings when the requirements
         can be built into the design, as opposed to existing buildings where modifications can be costly and difficult.
      

      
      Related to the issue of threat detection is that of threat resolution. We can distinguish the following three types of positive
         detection: (1) false alarms where an innocent substance is incorrectly identified as a threat; (2) innocent detections where
         a threat substance is correctly identified but is not a threat, for example, traces of explosive on members of the security
         forces or other persons who legitimately work with explosives; and (3) genuine threat detections. This implies a need for
         an understanding of the environment, that is, what background levels of target species may be present in the public environment
         from legitimate activities, and what potentially interfering species may be present. Background surveys to answer these questions
         would assist in the difficult decision as to where to set alarm levels for instruments. And, of course, operators need a plan
         and a system for resolving alarms when they occur.
      

      
      A general issue is the need to design detectors against a specific set of threat scenarios or target materials. It is important
         not to be driven by the technology but to address the operational requirement by whatever means is most effective. An explosives
         trace detector is unlikely to be the right solution if the threat is from smuggled knives.
      

      
      Human factors need to be properly considered in the design and application of any detection system. Studies have shown that
         explosive detection systems generally perform less effectively in realistic field trials than in laboratory tests and that
         one of the biggest causes of this shortfall is failure to properly consider the operator/system interface.
      

      
      3. Detection Technologies
      

      Apart from explosives there is a great deal of interest among law enforcement agencies in both the detection of caches of
         illegal drugs and in determining whether a person has taken an illegal drug. There is also a medical requirement for the diagnosis
         of unconscious patients admitted to hospital emergency rooms where treatment depends on diagnosis and delay may be fatal.
         Typically, this latter requirement is met by laboratory analysis rather than field portable detectors. In the drug field there
         are potentially many thousands of possible drugs of abuse, whereas in the explosives field there are also theoretically very
         many potential threat materials. It is one thing to design an instrument to detect a single compound with great sensitivity,
         selectivity, and speed, but quite a different proposition to achieve the same performance against a range of compounds, particularly
         if they have rather disparate characteristics. And, of course, the example of roadside breath testing for alcohol demonstrates
         that the technical challenges can be substantial even in the single-compound scenario.
      

      
      If we consider equipment for drug detection, outside the hospital scenario, it is likely to be required to be portable so
         that it can be used at crime scenes, to be sufficiently robust, safe, and easy to operate so that it can be deployed with
         individual police officers, to have adequate sensitivity and selectivity so that false positives and false negatives are avoided,
         to provide rapid results and to operate in a way that does not infringe subjects’ civil rights (see Chapter 12). Given that any results are likely to be used in court proceedings, the methodology must be subject to thorough scientific
         peer review and validation. The techniques used must be open and susceptible to ready explanation. Finally, the technology
         must be affordable so that it can be deployed on an operationally useful scale. Many of these same requirements also apply
         to portable explosives detectors for use by either law enforcement officers or military forces engaged in anti-terrorist operations.
      

      
      Imaging techniques such as radiography are quite good for recognizing bombs either visually or by computer-aided image recognition,
         but as they are not particularly sensitive, they will only detect suspect items of a certain minimum size. And, of course,
         the imaging equipment does have to look at the right thing, which may also be disguised to avoid recognition.
      

      
      Detection of explosives is divided into “bulk” and “trace” technologies. Bulk detection looks for a mass with certain properties
         considered indicative of an explosive. High nitrogen and/or oxygen content and high bulk density are the properties usually
         targeted. Naturally, there will be explosive compounds that do not match these target characteristics, for example, triacetone
         triperoxide; and there will be innocuous materials that do, for example, sausage. In detecting the presence of an explosive
         compound at trace levels, the general approach is to look for a specific chemical from a library of target compounds rather
         than for a general property. This means that the probability of false alarm is significantly lower than for bulk detection
         techniques, which are generally based only on typical properties. However, a positive trace detection provides no spatial
         information, is limited to the explosives provided in the library, and makes no immediate allowance for terrorist innovations.
         A positive detection may also be misleading. The example that comes to mind is the reported positive detection on the wreckage
         of TWA flight 800. In that case, it was explained that explosives had been present in the aircraft many days earlier for purposes
         of a training exercise but that none were present upon takeoff. In theory, many chemical detection schemes should be applicable
         to trace detection of explosives, but the realities of explosive detection require a degree of rapidity and robustness that
         limit the type of useable instrumentation.
      

      
      To date, only two technologies have reached the original goal of “certification”, namely, X-ray computer tomography (CT) in
         1996 and X-ray powder diffraction coherent Compton scattering in 2004. In fact, since 1996 this has not been a requirement
         for deployment. The FAA/Transportation Security Agency (TSA)/Department of Homeland Security (DHS) now use the term Explosive
         Detection System (EDS) for instruments that have attained certification.) It is not an accident that both EDSs are bulk detection
         techniques. Trace techniques have the drawback both of being limited to an input library and of the need for some “trace”
         of the explosive to be available to the detection equipment.
      

      
      Probably the oldest need for trace detection was for the detection of poisons. Food tasters fulfilled that role, as did canaries
         when used by miners to warn of poisonous atmospheres underground. In more recent times, society has required the detection
         of other chemicals. Often a trained dog meets that need. Canine olfaction will be discussed in Chapter 3.
      

      
      Generally, trace techniques are based on matching some chemical property of the molecule in the detector to a library of properties
         of targeted threat materials. This should result in lower false alarms than bulk detection but requires constant expansion
         of the instrument library as the threat changes. Nuisance alarms (detection of background levels of explosive where the threat
         quantity is not present) are high, and malicious contamination could result in denial of service. Unlike bulk detection techniques,
         trace detection offers no spatial or quantitative information to aid in decision-making. A typical technique involves thermally
         driving a sample into a detector. Samples with low volatility, for example, nitrocellulose and black powder, are lost at this
         point – a missed detection or false negative. After the sample components have been separated, a number of detectors may be
         used. Major problems with trace detection are as follows: (1) the collection of vapor or particulate is inefficient; (2) it
         is difficult to obtain the sample to the detector; and (3) countermeasures are obvious.
      

      
      Although trace detection has its drawbacks, a vast number of applications, other than explosive detection, support its continued
         development [7]. In the laboratory environment, the most sensitive detection instrument is the electron-capture detector (ECD). The ECD is
         sensitive to electronegative species such as nitro groups and chloride. This detector is usually connected to a gas chromatograph
         (GC) to provide separation of components. It was the use of this type of instrument that was envisioned when the International
         Civil Aviation Organization (ICAO) taggants were proposed. However, laboratory GC proved too slow for FAA requirements so
         that the first trace instruments to be fielded were the IMS and a chemiluminescence detector marketed as explosive detection
         system (EGIS) by Thermedics Inc. Technology for the EGIS was based on that developed for a laboratory analytical instrument
         – the Thermal Energy Analyzer. Thermedics developed an extremely fast GC to couple to the front end. Unfortunately, the detector
         required a vacuum pump, and the original system required frequent maintenance. The IMS is the instrument seen in most US airports
         since 11 September 2001. It is usually used as a backup for the metal detectors screening carry-on luggage and for the CT
         screening checked baggage. IMS is discussed in Chapter 9. It does not require a GC on the front end or a vacuum. Species are ionized and then separated in a drift tube by size. Like
         most trace detection instruments, it is set to detect only the FAA-required species. Although IMS is the state of the art
         as of 2006, mass spectrometry (MS) has so much potential that within this decade it may become the foremost technique in trace
         detection. MS offers much better discrimination than IMS but to date has poor sensitivity relative to IMS or chemiluminescence.
         Furthermore, in the past, MS was much too difficult to maintain. Now, sample introduction has been simplified, the whole instrument
         downsized, and separation of the ionized species can use a number of approaches, namely, quadrupole, magnetic sector, ion
         trap, time of flight, or ion cyclotron resonance (Chapter 8). JEOL introduced the direct analysis in real-time high-resolution, time-of-flight MS in 2005. It seems to the authors that
         this may revolutionize the field of detection. Another well-developed laboratory technique expected to emerge in field portable
         detectors is Raman spectroscopy. It offers the possibility of remote explosive detection. Development of specific polymers
         for detection has been sufficiently successful that it has already been commercialized and is discussed in Chapter 10.
      

      
      Unlike trace detection, which requires an explicit library, most bulk detection techniques key on supposedly unique properties
         of explosives. Those supposedly unique properties are high density, high amounts of oxygen and/or nitrogen, and fast energy
         release. Unfortunately, it is the first two properties that are usually targeted, and there are a number of exceptions to
         these as characteristics of an explosive (see Chapter 2). Fast energy release would be a better indicator of an explosive than the other properties. Direct chemiluminescence [8] would be one possible way to detect this for some compounds, but to date the technique has not been sufficiently developed.
         In general, bulk detection schemes use characteristic emission or attenuated signal from a sample to identify explosives.
         Emission is usually elicited by bombarding the sample with particles or rays. Passive millimeter wave detection is an exception.
         That technique distinguishes the unique thermal energy of human flesh versus the lack of such from inanimate objects. Emission
         from a sample is usually the result of properties specific to a general class of explosive or drug.
      

      
      Nuclear Quadrupole Resonance (NQR) has been successful for limited applications, but baggage with metal contents cannot be
         inspected; this is a serious practical limitation being addressed by current research. Although having some basic similarities
         to the well-established technique of nuclear magnetic resonance, NQR requires no external magnetic field. Splitting of the
         nuclear spin states is by electrostatic interaction of nuclear charge density with the electric potential of electron cloud.
         The nuclei to be detected must have a spin quantum number greater than or equal to one. This means that potentially 14N, 35Cl, 37Cl, and 39K could be targeted. Depending on the number of equivalent nuclei and their relaxation time, the number, properties, and sequence
         of pulses are adjusted; in addition, sophisticated signal processing and enhancement techniques are employed to improve the
         sensitivity of the technique. NQR provides detailed information about the chemical structure of materials and so is compound
         specific. This means that identification depends on matching the signals with a library of known threat materials with the
         concomitant disadvantage that materials not in the library, that is, new threats, are not immediately identified. Potential
         applications of NQR to the detection of both drugs and landmines have also been studied. The field is very active; Refs. [9–15] give a flavor. Interestingly, as we write, this technique is being fielded in the US on a test basis to screen shoes.
      

      
      Another very active field of research is terahertz detection. This technology employs electromagnetic radiation in the frequency
         range from 3×1011 to 3×1012 Hz, that is, wavelengths of 1–0.1 mm, at the extreme of the far infrared spectrum. Development of improved radiation sources
         and detectors at the end of the twentieth century has enabled considerable progress to be made. Although absorbed when passed
         through substantial distances of air, terahertz radiation is only weakly absorbed by most non-conductive materials. This offers
         the exciting possibility of a technique that provides a chemically characterized image at moderate standoff distances [16–18].
      

      
      Like NQR, coherent X-ray diffraction is compound specific and so requires libraries of threat materials for identification
         and detection. Because high density together with high nitrogen and oxygen content are characteristics of, but not unique
         to, explosives, false alarms tend to be higher than with trace detection; missed detections are also possible. Bulk detection
         has the advantage of gathering spatial and quantitative information. Positive detection means a device is present, not just
         trace contamination.
      

      
      The requirements for an explosive detection system are set out in certification standards issued by the FAA/TSA/DHS. Key issues
         are as follows:
      

      	explosive detectability;

         	detection limits (lowest quantity detectable);

         	configuration of explosive (i.e., is sheet-explosive detectable);

         	probability of detection (Pd) and probability of false alarm (Pfa), that is, the receiver operation curve;
         

         	throughput;

         	vulnerabilities or susceptibilities to countermeasures;

         	robustness and maintenance;

         	operational ease of use;

         	costs, initial investment, maintenance, space requirements; and

         	alarm resolution.

      
In terms of bulk detection, X-ray (Chapter 6), specifically computer tomographic detection (Chapter 7), was the first to meet the FAA certification requirements. X-ray interaction with a material depends on the energy of the
         X-ray and the type of material. The X-ray may (a) transit without interference; (b) be absorbed giving energy, at low energy,
         to an electron (photoelectric interaction) or, at high energy, to an electron and positron (pair production); or (c) be scattered
         either coherently (Compton unmodified) or incoherently (Compton modified). Conventional X-ray scanners operate at low energies,
         that is, 50–75 keV. At such low energy, the important interaction is photoelectric absorption, which reduces the transmitted
         X-ray beam. (Absorbed X-rays are sometimes re-emitted as lower energy X-rays – X-ray fluorescence.) Below a few hundred keV,
         the photoelectric absorption cross-section increases rapidly with increasing atomic number (Z). Thus, transmitted X-rays are most sensitive to high Z materials (e.g., medical X-ray machines show high contrast for the calcium in bones but not between different types of soft
         tissues). In conventional airport X-ray scanners, the transmitted X-rays clearly differentiate between high Z (metal) and low Z (organic) materials. At all energies, the Compton scattering cross-section mainly depends on density and only weakly depends
         on atomic number. Thus, materials with low Zeff are imaged by scattering, but not by transmission; high Z materials show up in both the transmitted and scattered image. (Zeff is the effective atomic number, a combination of all contributing species.) Dual-energy X-ray takes advantage of the different
         degrees of discrimination. Using energies, for example, 75 and 150 keV, the difference between the photoelectric (sensitive
         to high Zeff) and Compton attenuations (sensitive to both low and high Zeff) yields information about density, average atomic number, and high-resolution two-dimensional images. The two-dimensional
         spatial resolution obtained using X-rays is much better than that achieved by nuclear techniques; but unless high-energy X-rays
         are used, X-rays do not have the penetrating power of the nuclear techniques.
      

      
      To achieve the depth of penetration into a container, for example, cargo containers, the container must be interrogated with
         neutral species, such as neutrons or high-energy photons (high-voltage X-rays or γ-rays). Nuclear techniques (Chapter 5) encompass an alphabet soup of technologies. Most have in common the advantages of penetration power and determination of
         chemical information – detection of nitrogen or oxygen, usually high in explosives, or chlorine from the hydrochloride salts
         of heroin or cocaine. However, the advantages of nuclear techniques are offset by the disadvantages of high cost, large size,
         shielding requirements, resolution significantly worse than X-ray, and severe operational impact. Except for TNA, the techniques
         require a special accelerator to create neutrons or photons (γ-rays). The neutron beam is usually collimated; this wastes
         most of the neutrons. If a monoenergetic beam is used, a target material must be used, and this results in problems with heat
         loss and erosion. Neutrons (5–15 MeV) or γ-rays (1–6 MeV) have mean free paths on the order of tens of centimeters; thus,
         severe attenuation can occur in cargo. Complex discrimination algorithms must be used to compensate for cluttered background.
         Nuclei with which the neutrons collide inelastically are excited and return to their lower energy state by emitting a series
         of characteristic γ-rays. The lighter the nucleus with which a neutron collides inelastically, the greater the energy imparted
         to the nucleus and the greater the loss of energy from the neutron. This process is called “modulation”. For most techniques,
         residual activation (e.g., neutron activation) is not a problem. Modulation is a problem for nuclear techniques. Modulated
         neutrons usually have diffused far from the incident beam before detection; thus, they give no spatial or timing information.
         Thermal (low-energy) neutrons produce an abundance of γ-rays that can overwhelm the detection of the γ-rays from the desired
         fast neutron interactions.
      

      
      Many of the original puzzles and concerns considered before initial deployment of explosive detection equipment have not been
         resolved, but less than optimal solutions have had to be accepted. For example, an alarm is usually resolved by re-screening
         of the object, hand examination of the alarming item, or questioning of the owner. None of the presently fielded techniques
         address the need to determine whether a liquid threat material has been sealed in a bottle. There was a short period of time
         after the terrorist attacks of 11 September 2001 when people wishing to carry a bottle of liquid on board an airplane were
         required to take a sip of it to demonstrate it was innocuous. Since the threat from liquid explosives in the summer of 2006,
         much funding has been allocated for research into this problem. We can expect to see developments in this area, but as of
         this writing, liquids in airline hand baggage are limited to 100 ml bottles in a clear plastic bag.
      

      
      Quality control on detection equipment presents problems from improvements and modifications to the original instrument to
         the question of how to check the performance of a deployed instrument. In an airport or seaport environment, screening of
         cargo remains an unsolved problem. In areas of conflict or terrorism, remote (standoff) detection remains a much sought-after
         goal [19–20].
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      1. Devices and Explosives
      

      A bomb can be considered to contain four functional blocks, namely, a control system, a detonator, a booster, and a main charge.
         Although a simple ignition fuse can be used as a control system and timing device, the control system is usually more mechanical
         or electrical in nature. The detection of control systems may be visual, or by magnetometry, or by X-ray. It must be remembered
         that many of the items involved in the ignition system, that is, clockwork, batteries, or electronic circuitry, are commonplace
         in ordinary items, such as cameras, mobile telephones, and personal stereos, and are not unique indicators of the presence
         of a bomb. In fact, it is the presence of explosives that is the key indicator of a bomb.
      

      
      In this chapter, we will consider some fundamentals of explosive technology, the properties of some common explosives, including
         any detection-related aspects, their availability, performance, and any feature that might lead a terrorist to choose one
         over another.
      

      
      2. Fundamentals of Explosives
      

      2.1. Usage of explosives

      Large quantities of explosives are used every year. In the United States, for example, the annual consumption exceeds over
         2 million tonnes. Most are used for commercial purposes and are ammonium nitrate-based formulations. There are less than a
         dozen chemical explosives that are manufactured in bulk quantities, and most of these were “discovered” in the 50-year period
         between 1850 and 1900. New explosives have been synthesized but optimization of the formulations takes decades and is very
         expensive. Consequently, any new material has to offer very significant advantages, either in terms of unique performance
         for military applications or in terms of cost and safety for commercial applications.
      

      
      2.2. Detonation and deflagration

      With proper initiation, chemical explosives (as opposed to mechanical or atomic explosives) undergo violent decomposition
         to produce heat, gas, and rapid expansion of matter.
      

      
      The practical effect will depend on the speed at which the decomposition takes place as well as on the amount of gas and heat
         released. We can distinguish two important cases, as follows:
      

      	Chemical reaction proceeds through the material at a rate less than or equal to the speed of sound in the unreacted material.
            This is known as a “deflagration”.
         

         	Chemical reaction proceeds through the material at a rate greater than the speed of sound in the unreacted material. This
            is known as a “detonation”.
         

      
Both deflagrations and detonations can produce what a lay observer might describe as an “explosion”. Nonetheless, a detonation
         is a special type of explosion with specific physical characteristics. It is initiated by the heat accompanying shock compression;
         it liberates sufficient energy, before any expansion occurs, to sustain the shock wave. The shock wave propagates into the
         unreacted material at supersonic speed, typically 1500–9000 m/s. We discuss the practical differences between the effects
         of detonation and deflagration in Chapter 11 on post-blast issues.
      

      
      2.3. Primary and secondary explosives

      Explosives are classed as primary or secondary. Typically, a small quantity of a primary explosive would be used in a detonator
         (known colloquially as a “cap”), whereas larger quantities of secondary explosives are used in the booster and the main charge
         of a device. This collection of explosives is known as an “explosive train” in which a signal (mechanical, thermal, or electrical)
         from the control system is converted first into a small explosive shock from the detonator, which in turn initiates a more
         powerful explosion in the booster, which amplifies the shock into the main charge.
      

      
      Primary explosives are sensitive to modest stimuli such as heat, spark, or friction; application of the correct stimulus will
         lead to a detonation. The primary explosives used in detonators are typically extremely sensitive but not particularly powerful;
         common examples are mercury fulminate, lead azide, and lead styphnate. In principle, the heavy metals present in most primary
         explosives should be a good cue for detection; however, there are primary explosives that do not contain such elements.
      

      
      It should be noted that there are modern detonators that are designed to function without primary explosives. These usually
         rely on an electrically generated shock to produce detonation in a small charge of a specially prepared and sensitive charge
         of a secondary explosive.
      

      
      In general, secondary explosives cannot be caused to detonate without the input of a strong shock. For example, they do not
         burn to detonation if unconfined. Nonetheless, there are substantial and practically significant differences in sensitivity
         between the various common secondary explosives. Those secondary explosives, which can be caused to detonate using only a
         cap, that is, a detonator, are termed “cap-sensitive”. Some common military explosives are cap-sensitive; indeed, some are
         specifically formulated to achieve this particular property. Other military explosives, particularly those intended for use
         in large main charges, are chosen and formulated to be relatively insensitive, requiring a powerful booster to bring them
         to detonation. Similarly, the commercial explosives used in bulk applications are generally formulated to require a booster.
      

      
      The requirement for an explosive train, that is, a primary explosive to initiate the secondary explosive, is a safety feature.
         In the past, people wishing to illegally use explosives usually had to steal the detonators (e.g., Timothy McVey). Consequently,
         the effective control of access to detonators has been widely regarded as a key public safety measure by many governments
         and law enforcement agencies. However, recently, triacetone triperoxide (TATP) has been used as the primary explosive (e.g.,
         Richard Reid’s shoe bomb) and TATP is readily, although hazardously, synthesized from acetone, hydrogen peroxide, and acid.
      

      
      2.4. Energy release, explosive output, and critical diameter

      For most explosives, where a small volume of a solid is converted into a large volume of gas, a good approximation of the
         energy release ΔG is dominated by the enthalpy change ΔH: ΔG = ΔH–TΔS, where ΔH is given by the heat of formation of the products minus the heat of formation of the reactants [see Eqs. (1) and (2)]. Hence, it is desirable that chemical explosives have as positive a heat of formation as possible.(1)RDX: C3H6N6O6 → 3N2+3H2O+3CO(2)TNT: C7H5N3O6 → 1.5N2+2.5H2O+3.5CO+3.5C

      
      To maximize the working fluid (i.e., gas) generated in an explosion, chemical explosives are designed to be dense and to have
         high oxygen and/or nitrogen content. It is this requirement for gas formation that favours explosives having C, H, N, and
         O atoms. To react with sufficient rapidity, an explosive must contain its own source of oxygen.
      

      
      Energy release and gas formation are not unique to detonation. Detonation is distinguished from combustion by its rapidity.
         The energy released by an explosive is not dramatic; detonating dynamite produces about 5 kJ/g, which is around/approximately
         one-tenth of the amount produced by burning petroleum. Much more important, in terms of functioning as an explosive, is the
         rate of heat release in Joules per second, that is, Watts. Detonating high explosives produce around 1010 W/cm3. Detonation is so rapid that external oxygen, for example, in the air, does not contribute to the initial heat-producing
         reaction. The oxidation is sufficiently rapid to support the detonation wave only if the explosive has oxygen readily available.
      

      
      For optimal energy release, an explosive should convert all its atoms into gaseous products. For most explosives this means
         having sufficient oxygen to convert every H into H2O and every C into CO, for example, RDX [Figure 1, Eq.(1)]. However, many explosives are oxygen deficient, for example, TNT [Figure 1, Eq. (2)]. Although not as “powerful” an explosive as RDX and HMX (C4H8N8O8), TNT is a very effective explosive, despite being oxygen deficient.
      

      
      Figure 1. The common military explosives.

      
      [image: ]

      
      Apart from nitroglycerin (NG) and ethylene glycol dinitrate (EGDN), which are viscous liquids, the explosives shown in Figure 1 are powders, whose physical properties differ from other organic chemicals only by their exceptionally high density. Density
         is a major factor in determining the performance of an explosive (see Table 1). It determines the number of atoms per unit volume, which can be converted to gas. Density also determines how close the
         product gases find themselves to each other. The closer they are, the higher the repulsive forces between them and the faster
         they move away from each other.
      

      
      Table 1. Chemical and detonation properties of some explosives

      	Explosive
               	Density (g/cm3)
               	Detonation velocity
               	%TNT Trauzl[†]
               	Nitrogen (%)
               	Oxygen (%)
            
	 
               	TMD
               	Bulk
               	mm/µs1
               	g/cm3
               	 
               	 
               	 
            
	Nitromethane
               	1.1
               	(liquid)
               	6.3
               	1.1
               	138
               	22.9
               	52.3
            
	PETN
               	1.76
               	 
               	8.4
               	1.8
               	174
               	17.7
               	60.7
            
	Tetryl
               	1.73
               	 
               	7.7
               	1.6
               	144
               	24.4
               	44.6
            
	Picric acid
               	1.77
               	 
               	7.5
               	1.7
               	105
               	18.3
               	48.9
            
	TNT
               	1.65
               	 
               	6.9
               	1.6
               	100
               	18.5
               	42.3
            
	RDX
               	1.82
               	 
               	8.6
               	1.8
               	160
               	37.8
               	43.2
            
	HMX
               	1.96
               	 
               	9.1
               	1.9
               	160
               	37.8
               	43.2
            
	NG
               	1.6
               	(liquid)
               	7.7
               	1.6
               	185
               	18.5
               	63.4
            
	AN
               	1.72
               	0.8
               	3.7
               	1.5
               	60
               	35.0
               	60.0
            
	TATP
               	1.2
               	 
               	5.3
               	1.2
               	88
               	0
               	43.2
            
	HMTD
               	1.6
               	 
               	5.1
               	1.1
               	60
               	13.5
               	46.1
            
	UN
               	1.59
               	 
               	4.7
               	1.2
               	95
               	34.1
               	52.0
            

† TNT equivalence measured by the Trauzl (lead block expansion) test. Data compiled and adapted from Refs [1, 2].
      

      AN, ammonium nitrate; HMTD, hexamethylene triperoxide diamine; HMX, C4H8N8O8; NG, nitroglycerin; PETN, pentaerythritol tetranitrate; RDX, C3H6N6O6; TATP, triacetone triperoxide; TNT, trinitrotoluene; UN, urea nitrate; TMD, theoretical maximum density.
      

      
      Thus, as a general rule, military explosives have a density greater than 1.6 g/cm3 and high oxygen and nitrogen content. Bulk detectors key on these properties. However, explosives can detonate at densities
         significantly lower than crystal density, and there are exceptions to the high oxygen (e.g., lead azide) or high nitrogen
         (e.g., TATP, see Figure 2) rule. Table 1 lists the chemical and detonation properties of some relevant explosives.
      

      
      Figure 2. Peroxide explosives.
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      In addition to the requirements for rapid and substantial energy release, explosives must have a sufficiently large diameter
         to sustain detonation. Otherwise, rarefaction waves bouncing back from the charge edge reduce the pressure and temperature
         in the immediate area sufficiently that the total energy is not released. This minimum diameter is known as the “critical
         diameter” and is an important practical characteristic as well as another significant safety feature in the application of
         explosives. Thus, ammonium nitrate and fuel oil (ANFO) does not function well on the briefcase scale. Its use is reserved
         for large car or truck bombs. On the other hand, military explosives like C-4 (91% RDX) or Semtex H (85% RDX/pentaerythritol
         tetranitrate (PETN)) detonate in Gram-scale devices.
      

      
      It is somewhat confusing that the term “critical diameter” is also used by those interested in the potential of an energetic
         material to undergo thermal runaway. Because, by definition, the energetic material releases heat when it decomposes, it has
         the potential to increase its local environmental temperature. Depending on the decomposition kinetics of the material, at
         some “critical dimension” the charge can self-heat to catastrophic reaction. This can be referred to in terms of the critical
         diameter or, more often, in terms of the initial environmental temperature that allows this scenario, the “critical temperature”.
      

      
      2.5. Chemistry of some common explosives

      The chemical structures of some common military explosives are shown in Figure 1. These include the nitrate esters such as nitrocellulose (NC), NG, EGDN, and (PETN); nitroarenes such as trinitrotoluene (TNT,
         CH3C6H2(NO2)3), picric acid (HOC6H2(NO2)3), and 2,4,6-trinitrophenylmethylnitramine (tetryl); and nitramines such as RDX (C3H6N6O6), HMX (C4H8N8O8), and hexanitrohexaazaisowurtzitane (CL20). Of these, only CL20 is “new”, that is, less than 50 years old [3]. Mixtures of oxidizers and fuels, such as AN and FO (called ANFO), are also secondary explosives.
      

      
      These differ from the secondary explosives shown in Figure 1, in that AN-based explosives are generally so insensitive that in addition to a “blasting cap”, a strong booster is also
         required for initiation.
      

      
      2.6. Military explosives

      Military explosives are required to meet stringent criteria because apart from a requirement for high performance, the military
         needs to be able to safely store them for decades, transport them anywhere from the poles to the equator, handle them under
         battlefield conditions, and still have them fully functional. In addition, availability of raw materials, ease of manufacture,
         and cost are important factors. Most candidate explosive compounds do not meet all these requirements.
      

      
      Military explosives typically contain only the atoms of carbon (C), hydrogen (H), oxygen, (O), and nitrogen (N). The reason
         for this is found in the performance of these chemicals. This is usually achieved in military explosives by having oxygen
         carried by NO2. That functionality may be attached to oxygen (ONO2) as in the nitrate esters (NC, NG, or PETN) or to carbon (CNO2) as in the nitroarenes (TNT, picric acid, or tetryl), or to nitrogen (NNO2) as in the nitramines (RDX, HMX, or CL20). Although these explosives undergo thermal decomposition by several routes, most
         release some NO and NO2, enough to be detected by chemiluminescence. Furthermore, nitrogen dioxide has various physiological consequences: nitrate
         esters are vasodilators and nitroarenes are toxic. However, the first concern of most explosive handlers is not toxicity but
         explosivity.
      

      
      Today the most common military explosives are HMX, PETN, RDX, and TNT. In terms of performance, the ranking would be HMX >
         RDX > PETN > TNT. However, “good” explosive performance depends on the end objective. The military generally want to fragment
         or shatter metal. For that application, the pressure jump associated with the shock front is important; performance is measured
         in terms of detonation pressure or velocity (at a given packing density). For the mining industry, the objective is to move
         rock and dirt; heaving action is important, as(means jaise ki) is limited, controlled fragmentation. For that purpose, explosives
         with relatively slow detonation velocities, such as ANFO, are better than military explosives.
      

      
      Ranking related to blast pressure of TNT is termed “TNT equivalence”. This value cannot be uniquely defined because in a single
         shot the TNT equivalence calculated from overpressure and from impulse will differ and all values will vary with distance
         from the charge. Values shown in Table 1 probably vary by at least ±30% depending on the physical configuration of the test explosive. In general, materials with
         TNT equivalence less than 50% are not considered explosives; they may be stored or shipped in large quantities and without
         special security. However, it is worth considering that 5000 tons of a material with a TNT equivalence of 20% could still
         result in a blast on the order of 1 kiloton TNT.
      

      
      2.7. Plastic explosives

      Plastic explosives contain one or more of the explosives listed above, moulded in an inert, flexible binder. Because powders
         do not readily hold a shape and TNT is the only common melt-castable explosive, most of the explosive powders (RDX, HMX, PETN,
         1,3,5-triamino-2,4,6-trinitrobenzene (TATB)) are plasticized to make a mouldable material, for example, C-4, Semtex H, PE4,
         sheet explosive. A variety of plasticizers are added, but the maximum level is usually 10–15% because most plasticizers are
         inert and would degrade explosive output. Plastic explosives were originally developed for convenient use in military demolitions
         but have since been widely used in terrorist bombs. For detection techniques that rely on vapour signatures, such as canine
         olfaction, it is worth considering that the plasticizer is much more volatile than the explosive component.
      

      
      2.8. Commercial explosives

      Dynamite is no longer a commonly used explosive in either North America or Western Europe. As first patented by Alfred Nobel
         in 1867, NG was adsorbed onto an inactive kieselguhr base; this is known as guhr dynamite. Later dynamites used wood meal,
         charcoal, sugar, and starch as inactive bases or active bases, such as nitrate salts or NC (collodion cotton); the latter
         type are known as gelignites or blasting gelatine. Early dynamites, which contained only NG, froze in winter weather. When
         they were frozen, they were less sensitive to initiation, but the intermediate state, half frozen/half thawed was quite sensitive.
         Furthermore, thawed explosives tended to exude NG, which is a danger with any old dynamite. A low-freezing dynamite was developed
         by nitrating a mixture of glycerine and ethylene glycol, but this was not widely used until the late 1920s when the production
         of ethylene glycol for anti-freeze made the precursor chemical relatively inexpensive. There have been many different formulations
         of dynamite, each tailored to a specific application. Table 2 gives a simplified version of some of these different varieties. Today the nitration is usually performed on a mixture of
         glycerine and ethylene glycol to yield NG and EGDN, but there is a version of dynamite containing no NG and only EGDN.
      

      
      Table 2. Example dynamite formulations

      	 
               	Straight (%)
               	Ditching (%)
               	Extra (%)
               	Blasting gelatine (%)
            
	NG/EGDN
               	40
               	40
               	20
               	90
            
	NC
               	1
               	1
               	<1
               	7
            
	AN (coarse and fine mix)
               	15
               	30
               	70
               	–
            
	NaNO3
               	30
               	20
               	–
               	–
            
	Wood pulp
               	6
               	8
               	–
               	<1
            

AN, ammonium nitrate; NC, nitrocellulose
      

      
      As of this writing, there is only one commercial manufacturer of dynamite in the United States, Dyno Nobel (Carthage, MO).
         For most commercial purposes, dynamites have now been replaced by AN-based formulations, which offer a better combination
         of performance, safety, and cost.
      

      
      In addition to the main ingredients, dynamites may contain a variety of other ingrediients, usually at less than the 3% level:
         clear wheat, cob meal, balsa, starch, cork, guar gum, urea, and calcium stearate. Chalk is used in all formulations as an
         anti-acid, and if beads are added, they are phenolic rather than glass, which can cause friction problems. There is also “permissible”
         dynamite. Permissible explosives (“permitted explosives” in UK parlance) incorporate a chemical, often sodium chloride, to
         lower the flame temperature of the blast, thus, making it safer for use in underground coal mines where methane may be present
         in the atmosphere.
      

      
      Modern commercial explosives are generally mixtures of AN and fuel. These mixtures do not have the high detonation velocity
         exhibited by military materials, but they do detonate satisfactorily. The key to their performance is an intimate mix of the
         oxidizer (AN) and fuel, such as in the formulation ANFO, where the fuel is allowed to soak into the AN. Often a dye is added
         as a safety marker to commercial ANFO, as otherwise there is no obvious visible difference between the explosive and neat
         AN. The latter is generally classed as an oxidizer and can be freely transported.
      

      
      Owing to their intrinsic safety and inexpensive nature, AN/fuel formulations have almost completely replaced dynamites as
         the mining explosive. As a result, they are by far the most widely used explosive. AN formulations are sold as AN prill or
         solution, ANFO pre-mixed, AN water–gel (although this is becoming obsolete); AN emulsions, either in cartridges or as bulk
         material that is brought to the site and loaded directly from the truck to the borehole; and heavy ANFO (ANFO folded into
         an AN emulsion). AN formulations usually require the use of a high explosive booster, but powerful and cap-sensitive formulations
         can be prepared.
      

      
      The makeup of the AN industry in the United States is rapidly changing, due in large part to the perceived security threat
         of AN. In 1996, there were 16 companies at 22 locations making solid AN. The annual production capacity was about 6 million
         tonnes. In 2005, there were only seven companies in 11 locations making solid AN. Of those, only two were making the high-density
         AN, which is used exclusively for agriculture. US use in 2005 was about 1 million tonnes of high-density AN and 2 million
         tonnes of low-density AN (for explosives), but the capacity has remained about the same as 1996.
      

      
      2.9. Propellants

      In contrast to high explosives that are intended to detonate, propellants are primarily intended to deflagrate. Under extreme
         conditions, however, some propellant compositions may undergo detonation. Although there is a wide range of propellant compositions,
         the commonest materials, and those that are likely to be encountered in improvised explosive devices, are the smokeless powders.
         These are widely used in gun propellants for small arms and shotguns. Such materials have been frequently used in pipe bombs
         and similar devices. The material is confined in a sealed container; after ignition, the hot gases produced cause an extreme
         buildup of pressure, leading to an explosion. Smokeless powders are based on NC, which may be combined with NG and various
         other ingredients, such as plasticisers, stabilisers, and burning rate modifiers. Nitrotoluenes may be incorporated as energetic
         plasticisers in some instances. Smokeless powders that have only NC as the energetic ingredient are referred to as “single-base”
         propellants, whereas those that also contain NG are known as “double-base” propellants. The polymeric nature and high molecular
         weight of NC lead to an extremely low vapour pressure. In general, it is a difficult material to detect other than by contact
         sampling, for example, swabbing of the exterior of containers contaminated with traces of the propellant. In practice, only
         smokeless powders containing a significant proportion of volatile constituents, such as NG or nitrotoluenes, are easily detected
         either by vapour detectors or by detection dogs.
      

      
      2.10. Terrorist use of homemade explosives

      During the period 1969–2000, Irish terrorists carried out many thousands of bombings. Initially, these involved commercial
         explosives or homemade materials based on sodium chlorate, nitrobenzene, or AN. In 1972, the UK and Irish governments introduced
         stringent controls on the sale of sodium chlorate, nitrobenzene, and pure AN throughout the island of Ireland. Indeed, pure
         AN fertilizer was replaced by an agriculturally acceptable, but safer material, adulterated with either calcium carbonate
         or more commonly dolomite, referred to as calcium ammonium nitrate. Nevertheless, large fertilizer-based bombs were used in
         the 1990s in attacks in Northern Ireland (e.g., at Omagh) and various other British citiesm including London, Manchester,
         and Birmingham. Approximately 500 kg was used at St Mary le Axe in April 1992 and about 1500 kg at Bishopsgate in April 1993.
         In the same period of time, the Spanish terrorist group ETA used homemade ammonal, a mixture of AN and aluminium powder, to
         devastating effect on a number of occasions.
      

      
      In other countries, AN has been used less frequently in terrorist bombings; a notable exception was the bombing of the Murrah
         Federal building in Oklahoma City (April 1995). This event generated concern in the United States regarding the explosive
         nature of AN. Because AN explosives are easily prepared and the Oklahoma City bombing was so devastating, a number of research
         programmes aimed at desensitizing commercially available AN were developed. Sales restrictions were also considered. The restriction
         would have to be on either AN or other suitable oxidizer because any combustible non-explosive can be used as fuel: rosin,
         sulphur, charcoal, ground coal, flour, sugar, oil, or paraffin. To date, the terrorists have used FO (the commercial fuel),
         icing sugar (little associated odour), or aluminium (added heat release). When the combustible added to AN is explosive in
         its own right, for example, nitromethane or hydrazine, a more powerful material is obtained, for example, AN with hydrazine
         has a detonation velocity of 6800 m/s.
      

      
      2.11. Peroxide explosives

      The peroxide explosives TATP and hexamethylene triperoxide diamine (HMTD) have become popular with terrorists because they
         are easily prepared from readily obtainable ingredients, although the synthesis is fraught with danger (Figure 2).
      

      
      Although they do not contain NO2 groups, the O–O bond is a source of oxygen available for potentially rapid self-oxidation and explosion. Although neat hydrogen
         peroxide (H2O2) is detonable, most of the common industrial peroxides, which contain only one O–O functionality per molecule, have insufficient
         oxygen to gasify the majority of the C and H atoms in the molecule. These peroxides are not usually considered explosives,
         even though some have a reported “TNT equivalence”. As TATP and HMTD contain three peroxide linkages per molecule, their explosive
         output is much higher than most organic peroxides. TATP is estimated as 88% and HMTD as 60% of TNT blast strength.
      

      
      The unusual danger to public safety in the case of peroxide explosives is not their explosive performance but their ease of
         initiation and the ease with which terrorists have acquired and used the materials for their synthesis, although synthesis
         is actually quite hazardous. Both TATP and HMTD are classed as primary explosives. For example, Richard Reid, the would-be
         shoe bomber, used TATP as part of his firing train in the attempted bombing of a US airliner in December 2001, or the use
         of HMTD in the London bombings of 7 July 2005. HMTD was also one of the materials prepared and carried over the US/Canadian
         border in December 1999 by Ahmed Ressam as the ingredient for the initiators of his devices.
      

      
      Hydrogen peroxide at the correct concentration is also detonable. It has been used extensively in propellant applications.
         Recent events suggest that terrorists are aware of its potential. It has been confiscated in an aborted terrorist bombing
         in Karachi (15 March 2004), thousands of gallons of it were confiscated in Jordan the same year, and it was allegedly involved
         in the abortive bomb attacks in London on 21 July 2005 [4]. Fortunately, the technology of such explosives is not quite as simple as it might first seem and attempts to use them by
         several terrorist groups have failed.
      

      
      2.12. Exotic explosives

      Terrorists do not have the same stringent requirements for safety and storage as military organizations or commercial enterprises.
         Their primary requirement is that the components be readily available. Exotic explosives include chemical explosives not suitable
         for use by the military or industry. The unsuitability is generally due to extreme sensitivity or lack of stability. This
         is the case for the peroxide explosives, which were examined and rejected by the US military in the early twentieth century.
         Exotics also include “improvised” explosives, detonable formulations malefactors can prepare. Recently discovered energetic
         materials would also fit in this category. They may have been synthesized in a government or academic laboratory specializing
         in explosive synthesis, but the achieved increase in performance or insensitivity is not sufficient to justify the investment
         in scale-up, formulation, safety testing, and manufacture [5–7].
      

      
      Agrawal [8] has recently reviewed progress in the synthesis and formulation of new high-energy materials , concluding that the most promising
         in terms of enhanced thermal stability are TATB, tetranitro dibenzo-1,3a,4,4a-teraazapentalene, and 2,6-bis (picryl amino)-3,5-dintropyridine.
         Another new explosive that is currently under intensive study is 1,1-diamino-2,2-dinitroethylene (FOX-7) [9, 10] Although it is possible that some of these unusual explosives may be encountered in specialized commercial equipment, for
         example, oil-well perforators or advanced military munitions, they are not normally an issue for explosives detection systems.
      

      
      2.13. Energetic salts

      There are many oxidizer salts that potentially might be used to make composite explosives (Table 3) when mixed with suitable fuels. The classical example is of course the use of saltpetre, that, potassium nitrate, in black
         powder, although this is not a high explosive, but a low one, that is a propellant. Another example is the use of sodium chlorate
         and sugar to produce explosive mixtures. Potassium chlorate is one of the few, besides AN, that is readily available in bulk.
         Its use has long been recommended in the “do-it-yourself” literature for small, anti-personnel devices, but in Bali on 12
         October 2002, terrorists demonstrated its potential in large devices. Chlorate, like other salts, has a very low vapour pressure,
         a detection problem for dogs as well as for any equipment relying on vapour. Some other potential oxidizers in Table 3 have not been demonstrated in detonable mixtures, but one suspects that with the appropriate fuel at a large enough charge
         and with sufficient booster, many of these salts might be detonable. At this point there is no easy way to prove or disprove
         their potential explosivity.
      

      
      Table 3. Potential oxidizers for composite explosives

      	Nitrate
               	X NO3
               	Nitrite
               	X NO2
               	Permanganate
               	K MnO4
            
	Perchlorate
               	X ClO4
               	Chlorate
               	X ClO3
               	Hypochlorite
               	Ca (OCl)2
            
	Chromate
               	X CrO4
               	Dichromate
               	X Cr2O7
               	Iodate
               	X IO3
            

where X is a suitable cation, for example, ammonium, sodium, potassium, and calcium
      

      
      Urea nitrate (UN), more properly called uronium nitrate, is an energetic salt, and as such would not be expected to have much
         vapour pressure; however, it might be detectable due to evolved urea or nitrogen oxides. Detection of urea nitrate is essential
         because for over a decade it has been a frequent choice of terrorists. It was used in the bombing of the World Trade Center
         in New York City (February1993) and in many car bombings in Palestine. In 1992, the use of urea nitrate became so prevalent
         in bombings by the Shining Path that sales of urea were outlawed in Peru.
      

      
      2.14. Non-solid explosives

      Determining the nature of a liquid in a sealed bottle remains a detection challenge. For this reason, use of liquid explosives
         might seem attractive to terrorists. Hydrogen peroxide has been seriously studied as a propellant and model explosive. Nitromethane
         (CH3NO2) is another compound in this category. Both of these liquids are produced on a very large scale for legitimate purposes.
         EGDN is readily synthesized from ethylene glycol. It is not usually used alone, but is often the principal ingredient of dynamite.
         Interestingly, EGDN, HMTD, and RDX were allegedly part of the millennium bomber’s (Ahmed Ressam) intended device in 1999,
         and he apparently synthesized all three. Astrolite is an AN formulation fuelled with the energetic material hydrazine. This
         material was patented and sold for a time for commercial mining. Presumably handling issues became important, and it is no
         longer sold. Since the 1960s, both the US and Russian militaries have employed fuel-air explosives. These are made from common
         fuels and are extremely cost effective. The apparent simplicity of fuel-air explosives belies the very real difficulties in
         engineering such devices, which fortunately appears to have discouraged their use by terrorists.
      

      
      3. Implications for Detection
      

      The various properties of different explosives limit the circumstances in which they can be used, or at least reduce the likelihood
         of their use. This helps to reduce the range of threats that need to be addressed and to better focus detection efforts. For
         example, an explosive with a very large critical diameter is unlikely to be used in a small bomb.
      

      
      Table 4 gives details of some relevant physical and thermal properties of a range of common explosives that have been encountered
         in terrorist bombs. It should be noted that DMNB (2,3-dimethyl-2,3-dinitrobutane) is one of the taggants added to plastic
         explosives under the Montreal Convention on marking of plastic explosives. Dinitrotoluenes are frequently added to blasting
         gelatine as a minor component and are also found in TNT as a significant impurity.
      

      
      Table 4. Physical and thermal properties of some explosives

      	 
               	Molecular weight
               	Melting point (C)
               	Vapour pressure (Pa,25 C)
               	Exotherm C by DSC#
            
	HMX
               	296
               	280°
               	 
               	277
            
	RDX
               	222
               	204°
               	6.3×10−7
               	253
            
	Picric acid
               	229
               	122
               	 
               	319
            
	PETN
               	316
               	141
               	1.9×10−6
               	215
            
	Tetryl
               	287
               	129
               	 
               	216
            
	TNT
               	227
               	81
               	9.9×10−4
               	320
            
	AN
               	80
               	169
               	1.3×10−3
               	328
            
	NG
               	227
               	13
               	6.2×10−2
               	209
            
	DMNB
               	176
               	210–214
               	0.28
               	 
            
	2,4-DNT
               	182
               	69
               	0.7
               	368
            
	EGDN
               	152
               	–23
               	6.4
               	>450
            
	TATP
               	222
               	98
               	5.6
               	229
            
	NM
               	61
               	–29
               	4.9×103
               	 
            
	UN
               	123
               	160
               	8.8×10−7
               	172, 409
            

AN, ammonium nitrate; DMNB, 2,3-dimethyl-2,3-dinitrobutane; 2,4-DNT; EGDN, ethylene glycol dinitrate; HMX, C4H8N8O8; NG, nitroglycerin; NM; PETN, pentaerythritol tetranitrate; RDX, C3H6N6O6; TATP, triacetone triperoxide; TNT, trinitrotoluene; UN, urea nitrate; TMD, theoretical maximum density.
      

      
      Notes: #At 20 per min; data compiled and adapted from Refs [1, 2, 11–17].
      

      
      Most explosive detection equipments do not truly detect explosive vapour, rather they key on minute particles of the explosive
         [11]. The reason for this is that most explosives have very low vapour pressure, and low vapour pressures are rather difficult
         to measure. Methods based on mass loss or the direct measurement of tiny pressures are particularly prone to the influence
         of trace impurities of more volatile substances. Consequently, the values reported in the literature exhibit a high degree
         of scatter. To add to the confusion, different units of measurement are used. In general, measurements involving chemical
         determination of the amount of the specific compound in the vapour phase are to be preferred. If several different values
         are reported, and there is no better criterion for selection, it is probably best to take the lowest value.
      

      
      Generally, vapour pressure measurements are fitted to a form of the Clausius–Clapeyron equation:Log10P=A+B/Twhere P is pressure, A and B are constants, and T is temperature in Kelvin. At the higher pressures of interest to chemical engineers, for example, for distillation problems,
         the Antoine equation is used for greater accuracy, but this is unlikely to be relevant in explosives detection.
      

      
      It is common to find vapour pressures quoted in millimetres (mm) mercury (Hg) in older papers, although sometimes the identical
         unit Torr is cited instead. In both cases, the conversion to the SI unit, the Pascal (Pa), is simply:1mmHg=1Torr=133Pa

      
      In other cases, the vapour pressure is quoted as parts per million (ppm), parts per billion (ppb), or parts per trillion (ppt).
         When these terms are applied to gases and vapours they always refer to volumes,that is, 1 ppt is 1 volume of vapour in 1012 volumes of air. In the absence of other specific data about the ambient conditions, it is usual to simply take the atmospheric
         pressure to be the standard value of 101,325 Pa; hence, 1 ppt would be1ppt=101,325×10−12≈1.01×10−7Pa

      
      TATP has such a high vapour pressure that it can probably be directly detected, whereas RDX has such a low vapour pressure
         that dogs alert on the bouquet of solvents used in its manufacture. Nitrate esters readily decompose to eliminate nitrogen
         dioxide (NO2). This can be a clue for canines and certainly is for chemiluminescence.
      

      
      Of the explosives listed in Table 4, only those such as NG with vapour pressures greater than 10−3 Pa at 25°C are good candidates for the direct detection of vapour by current instrumental techniques. However, vapour pressure
         rises markedly with temperature. In addition, consideration of the thermal stability data in Table 4 offers the possibility of heating samples containing traces of involatile explosives such as RDX or PETN to increase their
         vapour pressure and render them detectable. This is the basis of the common technique of combining a heated inlet system with
         a vapour-type detector, for example, the method of desorption from a swab on a heated stage often used with IMS or TEA systems.
         This approach has greatly broadened the scope of what were previously viewed as vapour-type detectors and is now standard
         practice; such instruments are now known as particle detectors.
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