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Part 1

Introduction






Energetic Materials

Energetic materials (EMs) are compounds or mixtures of substances that contain
both fuel and an oxidizer. When these materials react, they release thermal en-
ergy and produce a large amount of gas. The initiation of these substances can
be triggered by mechanical, thermal, electrostatic, or optical influence. A distinc-
tion is made between materials that are capable of exploding and those that are

hazardous due to their potential to explode [1].

EMs are not only used for military purposes, but also for civilian applications,
such as in airbags, fireworks or explosives in mining. It has been a long way
from the initial invention of the first explosives to their widespread use today.
In 220 B.C., the Chinese accidentally discovered black powder. Centuries later,
in the 13th and 14th centuries, the monk Roger Bacon and the German Berthold
Schwarz researched the explosive for the first time in Europe. The military use
of black powder began at this time. In 1846, nitroglycerine was discovered by
Ascanio Sobrero. Alfred Nobel reduced the sensitivity of the highly sensitive ni-
troglycerine, thus making it possible to use the substance. The so-called dynamite
was developed. Alfred Nobel also played an important role in the progress in the
history of initial substances. His findings made it possible to reliably initiate dy-
namite by replacing black powder with mercury fulminate. This was replaced at
the beginning of the 20th century by lead azide, which is still used today [2, 3].

In the following years, as demand increased, other explosives were developed
and synthesised, many of which are still in use today. This led to the development
of trinitrotoluene, triaminotrinitrobenzene and hexogen (RDX), for example. The
focus in the development of energetic materials changed over time. In addition
to reliability, the safe handling of the substances was often at the centre of re-

search when it came to their commercial /military use. During the Second World
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War, for example, the use of polymer-bound explosives was favoured, resulting
in the production of Semtex, a mixture of nitropenta (PETN) and RDX bound with
styrene-butadiene rubber. Today, the focus of the development of energetic ma-
terials is on environmentally friendly research into materials in terms of sustain-
ability and the improvement of existing properties (e.g. shorter initiation times

for special military applications).

1.1 Classification of Energetic Materials

1.1.1 Primary Explosives

Primary explosives ,or also called primaries, are substances that have a signifi-
cantly faster transition from combustion or deflagration to detonation than sec-
ondary explosives. They are highly sensitive to thermal, electrostatic and me-
chanical impact. Despite this, primary explosives have a significantly lower
power than secondary explosives [4, 1].

The main application of primary explosives is the initiation of secondary sub-
stances. The resulting shock wave of the initial substances is often sufficient to
initiate the main charge. It is not always necessary for the primary to generate
a shockwave to initiate the secondary explosive. In the case of priming charges,
the primary substance acts as a sensitizer, enabling the ignition of a propellant, for
example, by deflagrating without causing detonation. Examples of common pri-
maries are lead azide, lead styphnate and silver azide. Certain explosives, such as
hexamethylene triperoxide diamine (HMTD) and triacetone triperoxide (TATP),
are not used in industrial or military applications due to their high reactivity and
unpredictable behavior [5, 6,7, 8, 9, 10].

TATP

TATP is an extremely sensitive and reactive compound, notable for its straight-
forward synthesis and the broad availability of its precursor substances. It is
formed through an acid-catalyzed reaction involving a common organic solvent
and a strong oxidizing agent. The reaction can be catalyzed by various acids that

are easily obtainable, making the process accessible even to those with minimal
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chemical expertise. The combination of its simple production and the widespread
availability of its starting materials has led to its utilization in unauthorized and
hazardous contexts. Due to its high explosive potential and the challenges associ-
ated with its detection by conventional security systems, this compound has been
implicated in numerous illicit activities. Handling it is particularly dangerous, as
it is highly sensitive to mechanical impact, friction, and temperature changes,
which can lead to accidental detonation. The compound’s instability presents
significant risks during both synthesis and storage, posing challenges even for
experienced professionals. Studies on its decomposition have shown that it can
rapidly degrade into volatile and potentially harmful by-products, complicating
its safe handling and forensic examination. Due to the instability and unpre-
dictable nature of the compound its analysis is challenging, thus increasing the
risks associated with its use. As a result, it is considered a major concern in terms

of safety and security [11, 12, 13].
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Figure 1.1: Structure formula of TATP

HMTD

HMTD is a highly reactive organic peroxide known for its sensitivity and signifi-
cant explosive power. The compound is produced through an acid-catalyzed pro-
cess involving hexamine and hydrogen peroxide, with citric acid or hydrochloric
acid typically serving as the catalysts. Due to the ease of obtaining these materi-
als, HMTD has become accessible even to those with minimal chemical expertise.
This accessibility, combined with the straightforward synthesis process, has led to
its use in various unauthorized activities. HMTD has been associated with sev-

eral prominent incidents, including the thwarted Los Angeles airport bombing
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attempt in 1999 and the London bombings of 2005 [6, 5, 7, 9].

However, HMTD is not adopted by military forces due to its extreme sensitiv-
ity to physical stimuli, such as impact, friction, and heat, which can easily trigger
an accidental explosion. This high reactivity makes HMTD dangerous to handle,
posing significant risks during both production and storage. Research into the
decomposition of HMTD has shown that it breaks down over time into volatile
by-products, which is particularly important for forensic identification. The com-
pound’s instability and the associated difficulties in handling and analysis cre-

ate substantial challenges for forensic experts, making it a significant concern for
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Figure 1.2: Structure formula of HMTD

both safety and security.

1.1.2 Secondary Explosives

The term secondary explosive covers all substances that are used to create an ex-
plosive effect and which must be initiated by the detonation impact of a primary.
Compared to primary explosives, they are relatively insensitive, which means
that they can also be handled on a larger scale. They form the actual detonating
effect and performance in explosives technology [1].

Secondary explosives can be categorized into booster explosives and high ex-
plosives. The distinction lies in the fact that booster explosives are more easily
initiated and are designed to transmit and amplify the shock wave from the pri-
mary explosive to the main charge. PETN is a commonly used booster explosive

in various applications. In contrast, the main charge, typically a high explosive
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like RDX, is more difficult to initiate directly [14, 4, 15].

1.2 Explosion

Explosions are dynamic processes fundamentally driven by the natural tendency
of gases to expand rapidly and are characterized by the spontaneous release of
energy. These events involve a rapid chemical reaction that simultaneously gen-
erates substantial quantities of gas and heat. The swift expansion of gases results
in a powerful force that can cause significant physical disruption.

In the study of explosions, a distinction is made between two types of explo-
sive reactions: detonation and deflagration. These classifications are based on
the specific speed of sound in the material at which the reaction front propagates
and the nature of the energy release. Each type has distinct characteristics and
implications for the effects and damage caused by the explosion [16].

Detonation

In a detonation, the decomposition reaction occurs at velocities well above the
speed of sound, typically ranging from 1500 to 9000 m/s. This rapid reaction
is intrinsically linked to a shock wave, characterized by sudden and extreme in-
creases in both pressure and temperature. Detonation can be triggered either
by the direct transfer of energy from an initial explosive material or by the ac-
celerating combustion of the substance, where a deflagration progresses into a
detonation. The intense conditions generated by the shock wave are responsible

for the substantial destructive force associated with detonation [1].

Deflagration

Deflagration is a decomposition reaction that takes place at subsonic speeds,
meaning below the specific speed of sound in the material. It can be described as
a fast-burning process within the material, where the reaction is self-sustained by
the heat it produces, and the resulting gases flow in the opposite direction to the
advancing reaction front. Depending on the method of initiation or the specific

burning conditions, deflagration can sometimes transition into detonation [1].
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1.3 Ignition and Initiation of Energetic Materials

The initiation of explosives and the ignition of energetic materials can be trig-
gered in various ways, including heat, shock, or mechanical impact. These mech-
anisms can lead to outcomes such as ignition, deflagration, or detonation, de-
pending on the intensity of the initiating force. Each explosive material has a
specific ignition temperature, which depends on whether the heat generated dur-

ing the reaction exceeds the heat lost to its surroundings [17, 18].

The initiation process is primarily thermal, with shockwaves causing adia-
batic compression that results in significant heat generation. Mechanical impacts,
friction, or electrical inputs like electrostatic discharge (ESD) also convert their re-
spective energies into heat, leading to the formation of small, localized hotspots.
These hotspots can reach temperatures as high as 900°C, especially when caused
by the adiabatic compression of gas bubbles within the explosive material. These
bubbles play a key role in both liquid and solid explosives [19].

Frictional heating can also produce hotspots, especially when small, hard
crystals or crystalline needles within the explosive are deformed or broken. The
energy released in these processes may generate hotspots, but not all of them
will lead to ignition or detonation. Whether a reaction is sustained depends on
whether sufficient heat is generated before it dissipates. Typically, secondary ex-
plosives require temperatures around 400°C within a hotspot to initiate, so mate-
rials with lower melting points are less likely to be initiated by such mechanisms
[20].

For liquid explosives, hotspots caused by the adiabatic compression of gas
bubbles can also lead to initiation, though these hotspots are very short-lived.
Friction between crystals can generate enough heat to form hotspots, particularly
in materials with lower thermal conductivity. In primary explosives, initiation by
impact usually results from inter-crystalline friction, while in secondary explo-
sives, impact initiation often arises from gas bubbles between crystals that exist

only briefly, around 10~ seconds [21].

Understanding these mechanisms is crucial for the safe handling and appli-
cation of explosives. This knowledge is instrumental in designing materials that

are both stable and capable of controlled reactions, supporting advancements in
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the field of energetic materials [22, 23].

1.3.1 Laser Initiation

A widely utilized and modern approach to initiating explosives is through laser
initiation, which offers distinct advantages over traditional methods. In a military
context, one significant benefit is the extremely short duration in which the laser
pulse interacts with the explosive material. Laser initiation induces the detona-
tion of the explosive through the interaction of the laser beam with the energetic
material, with key factors such as laser power, wavelength, pulse duration, and
spot size playing crucial roles [24].

This technique provides substantial benefits over conventional initiation
methods, including immunity to electromagnetic interference, precise control
over the initiation process, and the ability to detonate explosives that are oth-
erwise less sensitive. Laser-induced detonation generally occurs through one of
three primary mechanisms: direct interaction with the explosive, rapid heating of
a thin film in contact with the explosive, or the ablation of a thin metal foil to cre-
ate a high-velocity flyer plate that impacts the explosive. In the first mechanism,
the laser beam directly interacts with the explosive material, causing the mate-
rial to absorb the laser energy and subsequently heat up. This energy absorption
can result in the formation of hotspots within the material, which then ignite
and propagate a reaction wave. The efficiency of this mechanism is influenced
by factors such as the laser’s wavelength, pulse duration, and the physical char-
acteristics of the explosive, including its density and specific surface area. The
second mechanism involves the rapid heating of a thin metal film that is in con-
tact with the explosive. The laser energy causes the metal film to heat up rapidly,
transferring this heat to the explosive and thereby initiating a reaction. While this
method allows for controlled detonation, its reliability can vary depending on the
type of explosive. The third mechanism, which is particularly effective for insen-
sitive explosives, involves the use of laser-driven flyer plates. In this approach, a
thin metal foil is ablated by the laser, creating a high-speed flyer plate that strikes
the explosive and generates a shock wave, leading to detonation. This method
is currently considered the most practical and effective for detonating insensitive

explosives due to its reliability and effectiveness in operational scenarios [25, 26].
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In summary, the findings from the previous investigations suggest that laser
initiation is predominantly a thermal process, although the precise mechanisms
and the factors influencing them remain incompletely understood. Typically, a
thermal mechanism implies that laser light is absorbed by the material and subse-
quently converted into heat, possibly through processes like internal conversion.

At lower laser power levels, ranging from approximately 10~! to 10 W, explo-
sives tend to undergo a deflagration-to-detonation transition (DDT) after being
heated to their auto-ignition temperatures. However, at higher laser powers, typ-
ically around 100 W or more, shock initiation of the explosive occurs, and the
DDT process is no longer observed.

Hafenrichter et al. identified four distinct regimes of laser initiation, each de-
fined by the surface power density, or irradiance. At low power densities, the
material reaches a steady-state temperature without triggering ignition, as the
heat dissipates before auto-ignition can occur. As the power density increases to
the kW /cm? range, ignition begins to take place, though the delay times are rela-
tively long, on the order of milliseconds, due to significant heat conduction away
from the ignition site.

At even higher power densities, in the mW/ cm? range, the material reaches
its auto-ignition temperature rapidly, before substantial heat dissipation can oc-
cur, resulting in much shorter ignition delay times on the order of microseconds.
Finally, at extremely high power densities, in the gW/cm? range, the explosive is
shock-initiated by laser-induced ablation of the surface, leading to ignition delay
times in the ns range. This progression of behaviour with increasing power den-
sity highlights the complex and multifaceted nature of laser initiation in energetic

materials [27].

1.4 Testing methods

1.4.1 Impact Sensitivity

The drop hammer test is a fundamental method for assessing the impact sensi-
tivity of explosives. In this test, a weight is dropped from a specified height onto
a sample to determine the energy required to induce a reaction, such as ignition

or detonation. Due to its straightforward nature and efficiency, the drop hammer
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test is widely employed for the preliminary evaluation of explosives. Its sim-
plicity and speed are particularly advantageous, as the procedure involves only
a drop weight, a height-adjustable fixture, and the sample material, allowing for
rapid testing and quick results. This test is versatile and can be applied to various
forms of explosives, including single crystals, powder coatings, pressed pellets,
gels, polymer-bonded explosives (PBX), and propellants, making it a valuable
tool for assessing a wide range of energetic materials.

However, the drop hammer test has certain limitations. One significant draw-
back is its inability to provide detailed insights into the nature and severity of
the reaction it triggers. While the test can indicate the occurrence of a reaction,
it does not differentiate between different types of decomposition, such as deto-
nation and deflagration. This lack of specificity can be a limitation when more
detailed analysis of explosive behavior is required.

Another issue with the drop hammer test is the variability of results, which
can arise from differences in test methods and operator handling. Factors such
as sample preparation, precise alignment of the apparatus, and subjective inter-
pretation of the results can introduce inconsistencies, affecting the reliability and
reproducibility of the test outcomes. Furthermore, the BAM drop hammer, a spe-
cific variant used for characterizing explosives, may yield limited insights into
impact sensitivity due to the potential for sample ignition by adiabatic compres-
sion during the preparation process.

Recent studies suggest that by equipping drop hammers with a variety of sen-
sors, it is possible to extract significantly more information than the traditional
binary yes/no outcome. For instance, integrating microphones to capture emit-
ted sound or employing optical measurement techniques such as spectrometry
or high-speed imaging has enhanced our understanding of explosive initiation.
These advanced measurement methods have allowed for the detection and vi-
sualization of phenomena such as hotspots, providing a deeper insight into the

mechanisms of explosive initiation [28, 29, 30].

1.4.2 Optical Initiation

Laser systems are widely employed to characterize various properties of ener-

getic materials. A key objective is to evaluate how sensitive different explosives
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are to laser energy, determine the optimal laser parameters, and assess the relia-
bility of detonation under diverse conditions. These evaluations typically involve
the use of pulsed high-power lasers, including Nd:YAG, CO;, and excimer lasers,
which provide the necessary energy to initiate reactions in the explosive materi-
als. Another area of research focuses on determining the initiation thresholds of
energetic materials. These studies contribute to advancements in the detection
and neutralization of such substances. Crucial parameters that must be carefully
controlled during these experiments include the wavelength of the laser, pulse
duration, beam spot size, and the presence of confining materials. Research has
indicated that the physical characteristics of the explosives, such as density and
purity, as well as the presence of dopants, play significant roles in influencing
the ignition threshold. Understanding how these factors interact with laser pa-
rameters is essential for accurately determining the sensitivity and detonation

reliability of various explosives under a range of conditions [31, 32, 33].

1.5 Multivariate Statistics

Multivariate statistics involves the analysis of multidimensional data to uncover
relationships and patterns within complex datasets. This statistical approach is
especially valuable in challenging fields such as explosives detection, where it
enhances the accuracy and reliability of identifying hazardous substances by in-
tegrating and analyzing data from various sources. In the realm of explosives
detection, multivariate statistics is applied primarily in two key areas: sensor
array-based detection and spectroscopy-based detection.

In sensor array-based detection, arrays of sensors generate intricate data pat-
terns when exposed to different substances. By applying multivariate techniques,
such as Principal Component Analysis (PCA) or Partial Least Squares Discrim-
inant Analysis (PLS-DA), researchers can effectively distinguish between explo-
sive and non-explosive materials based on the responses from these sensors. For
instance, sensor arrays can detect trace residues of explosives by analyzing the
collective outputs of the sensors, with multivariate statistical methods facilitat-

ing the classification and identification of the detected substances.

In spectroscopy-based detection, multivariate statistical methods are com-
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bined with advanced spectroscopic techniques, such as Fourier Transform In-
frared Spectroscopy (FTIR) and Laser-Induced Breakdown Spectroscopy (LIBS).
These techniques yield spectral data that represent the molecular composition of
the samples under investigation. Multivariate statistics are employed to analyze
these spectral data, enabling the differentiation between various types of explo-
sives. For example, FTIR spectra of different explosive materials can be processed
using PCA and other clustering techniques to pinpoint the most discriminative
spectral regions, thereby allowing for the accurate identification and classification

of explosives.

PCA is a key method in this context, used to reduce the dimensionality of a
dataset while preserving the majority of its variance. PCA achieves this by trans-
forming the original variables into a new set of uncorrelated variables, known
as principal components, which are ordered according to the amount of variance
they explain in the data. This reduction in dimensionality simplifies the visual-
ization and interpretation of complex datasets, enabling researchers to focus on

the most significant components.

On the other hand, Linear Discriminant Analysis (LDA) is a technique pri-
marily used for classification tasks. LDA works by finding a linear combination
of features that maximizes the separation between two or more classes of objects
or events. Specifically, LDA seeks to maximize the ratio of between-class variance
to within-class variance, thereby ensuring optimal separability between the dif-
ferent classes in the dataset. This approach is particularly useful for distinguish-
ing between explosive and non-explosive materials, contributing significantly to

advancements in security and forensic science.

Overall, the application of multivariate statistical methods in explosives de-
tection has greatly enhanced the ability to accurately and reliably identify haz-
ardous materials. By leveraging the power of techniques such as PCA and
LDA, researchers can analyze complex data more effectively, leading to improved

safety and efficacy in both security measures and forensic investigations [34, 35].
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1.6 Motivation

The in-depth study of explosives initiation mechanisms is fundamental to ensur-
ing the safe handling and application of energetic materials across various fields,
including military operations, mining, and security. One particularly challenging
area is the precise and controlled initiation of energetic materials using laser radi-
ation in conjunction with sensor-based monitoring systems. This approach raises
numerous questions, especially when dealing with sensitive initiators. Current
research on detection methodologies focuses on the influence of the laser source,
emphasizing the importance of controlled energy coupling into the materials un-
der investigation, even when specific absorption coefficients are not fully known.

To address this challenge, one potential solution involves the application of
specialized coatings with well-defined absorption coefficients onto the materials.
Techniques such as drop-coating, spray-coating, and others can be employed for
this purpose. By carefully selecting laser parameters in conjunction with these
coatings, it is possible to achieve controlled local initiation within critical geo-
metrical constraints, thereby preventing the bulk material from undergoing det-
onation or deflagration. The gases and physical phenomena emitted during the
reaction can then be analyzed to study the material and the processes occurring
during initiation.

Additionally, the research aims to expand traditional testing methods, such
as the drop hammer test used for assessing impact sensitivity, by incorporating
analyses of the detonation reactions that occur.

To improve the understanding of how explosives respond to different load
conditions, recent research has integrated a wide range of sensors into test setups.
These sensors play a crucial role in enhancing safety measures and lowering the
risk of unintended detonations. By applying multivariate statistical techniques
to preprocess sensor data, the consistency of sensitivity test outcomes can be sub-
stantially increased. This approach not only allows for more accurate forecasting
of reaction behaviour but also aids in identifying explosives based on their dis-
tinct physical reaction profiles.
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Sensory monitoring of primary explo-

sives via drop hammer impact tests

Investigating the aging effects on the impact Sensitiv-
ity of hexamethylene triperoxide diamine (HMTD) us-

ing modern sensor systems

This paper investigates the impact sensitivity of hexamethylene triperoxide di-
amine (HMTD), focusing on how the sensitivity and response behaviour evolve
with ageing of the material. The study utilises a special drop hammer setup
equipped with optical and acoustic sensors to monitor the responses of HMTD
samples subjected to mechanical impact. These sensors provide detailed data
on the onset and intensity of explosive reactions, allowing for the assessment of
HMTD sensitivity at different stages of aging.

The research shows that the sensitivity of HMTD changes significantly with
ageing. Freshly synthesised HMTD exhibits a different impact sensitivity to aged
samples, with the aged material showing altered sensitivity and response char-
acteristics. The study also takes into account the influence of mechanical factors,
such as the size of the spheres used in the drop hammer tests. Larger balls, which
have a larger surface area, tend to trigger more violent reactions, which empha-
sises the mechanical aspects of the sensitivity test.

In addition to the impact sensitivity tests, chemical composition of the HMTD
samples was analysed using proton transfer reaction time-of-flight mass spec-
trometry (PTR-ToF-MS). This technique enabled the identification of decompo-
sition products and provided information on the chemical changes that occur
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during the ageing of HMTD.

The results of this study are important for the safe handling and storage of
HMTD as they provide a deeper understanding of how ageing affects the explo-
sive properties of HMTD. This research also emphasises the importance of con-
sidering both chemical and mechanical factors in sensitivity testing, providing
valuable data for the development of protocols for the safe handling of explo-

sives.
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Ignition of primary peroxide explo-

sives with a ns-pulsed laser

Investigation of laser-initiation of graphite spray-
coated TATP accompanied by sensor-safe surveillance
and analytical monitoring using Microphone and PTR-
ToF-MS

The paper titled delves into the controlled initiation of TATP using laser radia-
tion, with a particular focus on monitoring and analysing the resulting reactions.
TATP, known for its extreme sensitivity and frequent use in improvised explo-
sive devices, presents significant challenges in safety and detection, making it a
critical subject of research.

The primary objective of this study is to understand how various laser pa-
rameters, including power levels and the application of a graphite coating, affect
the initiation and decomposition of TATP. The graphite coating, chosen for its
known absorption properties, is applied to see if it allows for more controlled en-
ergy input from the laser, thereby preventing a full-scale detonation and instead
inducing partial reactions that can be safely monitored and analysed.

To achieve this, TATP was synthetised and prepared for experimentation, with
some samples being coated with graphite. These samples were then subjected to
irradiation using a pulsed Nd:YAG laser at different power levels. Throughout
the experiments, a sensitive microphone and PTR-ToF-MS were used to monitor
acoustic signals and analyse the gases emitted during the laser-induced reactions.

Additionally, Raman spectroscopy was employed to verify the purity of the TATP
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samples.

The findings reveal that the graphite coating has a significant impact on the
behavior of TATP when exposed to laser irradiation. Specifically, the coated sam-
ples exhibited a higher frequency of partial reactions at lower power levels com-
pared to their uncoated counterparts. This suggests that the graphite coating
facilitates more localized energy absorption, which leads to controlled initiation
rather than complete detonation. The data collected by the microphone showed
variations in reaction intensity and occurrence based on the laser’s power and the
presence of the coating. Moreover, the PTR-ToF-MS analysis indicated differences
in the chemical composition of the gases released during TATP’s decomposition,
reinforcing the conclusion that the graphite coating plays a crucial role in modu-
lating the explosive reaction.

In conclusion, the study demonstrates that applying a graphite coating to
TATP allows for more controlled initiation under laser irradiation, reducing the
risk of full detonation and enabling safer handling and analysis. The results sug-
gest that this technique could be valuable in developing improved detection and
safety protocols for sensitive explosives like TATP. The research also points to the
need for further studies on different coating materials and laser parameters to
optimize the controlled initiation of explosives.

Investigation of laser initiation of graphite-coated
TATP and HMTD with regard to the influence of coat-
ing thickness accompanied by sensor-safe surveillance

using a microphone

This work explores the laser initiation of graphite-coated Triacetone Triperoxide
(TATP) and Hexamethylene Triperoxide Diamine (HMTD) with a focus on under-
standing the influence of coating thickness on the controlled initiation of these
sensitive explosives. By employing laser radiation in conjunction with sensor-
based monitoring, the study aims to achieve controlled local initiation without
triggering full detonation or deflagration.

The research involved synthesising TATP and HMTD, applying graphite coat-
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ings of varying thicknesses to these explosives, and then irradiating them with a
pulsed Nd:YAG laser at different power levels. The coated samples were closely
monitored using a sensitive microphone to capture acoustic signals during the
laser interaction. The study investigated how the thickness of the graphite coat-
ing influences the initiation threshold and the subsequent reaction behavior of
the explosives.

The findings indicate that graphite coatings can significantly affect the initia-
tion process, with thicker coatings leading to more controlled energy absorption
and reduced risk of unintended detonation. The study’s results contribute to the
development of safer methods for handling and analysing highly sensitive explo-
sives, emphasising the importance of coating materials and laser parameters in

controlling explosive reactions.

Sensory Monitoring for Breakthrough Detection in
Mobile Laser Cutting of Various Materials in the Con-
text of IED Disposal

This work details the development of a mobile laser cutting system designed for
the safe and efficient disposal of improvised explosive devices (IEDs) while pre-
serving forensic evidence. The research, conducted in collaboration with various
partners, focuses on integrating advanced sensor technologies into the laser cut-
ting process to ensure precision and safety. The study explores the laser cutting of
different materials, including those containing explosives, to determine optimal
cutting parameters and sensor configurations.

The laser cutting system, which employs a pulsed Nd:YAG laser, is designed
to be mounted on robotic platforms, allowing bomb disposal teams to operate
from a safe distance. The system’s sensors, including microphones, photodiodes,
and infrared cameras, monitor the cutting process in real-time, providing feed-
back on material breakthroughs and ensuring that the cutting process does not
ignite the explosive charge. The system’s effectiveness in cutting various materi-
als, such as plastics and metals, is evaluated, with special attention to the impact

of laser parameters like fluence and pulse energy.
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The study concludes that the integration of sensory monitoring into the laser
cutting system significantly enhances its capability to safely handle and dispose
of IEDs. The research also highlights the need for further optimization and test-
ing, particularly regarding the system’s ability to cut through different materials
and its application in real-world scenarios. Overall, the project represents a sig-
nificant advancement in the field of explosive disposal, offering a safer and more
controlled approach to neutralizing hazardous devices.
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Abstract: Hexamethylene triperoxide diamine (HMTD) is a commonly used
homemade explosive due to its simple synthesis and availability of reactants.
However, its impact sensitivity may vary significantly depending on synthesis
methods and possibly substance ageing, presenting safety concerns during han-
dling. In this study, two batches of HMTD, one stored for 3 months and one
freshly synthesized, were investigated. Analytical techniques including Raman
spectroscopy and PTR-ToF were utilized for the HMTD specimen. A custom-
designed drop hammer based on OZM’s Ball Impact Tester, equipped with opti-
cal and acoustic sensors, was employed to evaluate impact sensitivity and chem-
ical reaction process. The setup was tested and validated with HMTD, TATP and
lead azide and silver azide. Extracted features of sensor data were subjected to
multivariate statistical analysis (LDA, PCA) to assess the impact of ageing to im-
pact sensitivity and reaction characteristics. The study aimed to determine the
correlation between substance composition and reaction behaviour. The results
contribute to the understanding of the influence of ageing on the response and
mechanical sensitivity of HMTD as well as the batch-to-batch variation.

41 Introduction

Although HMTD has no industrial or military use, HMTD) has been the subject
of many technical and scientific studies as an organic peroxide explosive. The
substance has been analysed in many studies using spectroscopic, colorimetric
methods as well as sensitivity tests [1, 2, 3, 4, 5]. Good results have been ob-
tained, which facilitate the detection and identification of the substance [3, 6, 7].
Nevertheless, this substance has been used in numerous illegal terrorist activities
in recent years [8, 9]. The reason for this is the easy availability of the reactants,
as well simple synthesis [10]. Due to the different synthesis routes as well as
other processing methods, the resulting product can vary in its morphology and
chemical composition. An important parameter for safe handling of explosives
is the impact sensitivity, which is determined with the drop hammer experiment
[11, 12, 13, 14]. The smallest energy required for ignition is determined by vary-
ing the energy of the drop weight by adjusting mass or height of it. The test

gives a purely binary result and is dependent on the operator’s perception [13].
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Guhne et al. found out that good and more realistic results than conventional test
device geometry can be achieved in initiation tests with the Ball Impact Tester
from OZM (BIT). In this test setup, the sample is ignited by a steel ball falling
vertically on the sample [11]. Another major disadvantage is that no informa-
tion is gained about the course of the reaction or the violence. The problems and
issues associated with impact sensitivity have been studied in a variety of appli-
cations. Drop hammer devices were equipped with sensors. The glass anvil drop
hammer was used in several publications [15, 12, 16]. With these and other mea-
surements using high-speed cameras, spectrometers and other physical sensors,
it was possible to investigate various reaction processes and the formation of hot
spots. A major problem in all initiation experiments with explosives is poor re-
producibility between different laboratories due to different setups [17]. For this
reason, measurements were carried out with a drop hammer similar to the BIT
with sensory monitoring and data evaluation using with multivariate statistics
[18]. The results show that a classification is possible despite a large scattering
of the data. Experiments were also carried out on the thermal initiation in which
the data were evaluated using multi-variate statistics and could be classified [19].
The evaluation by means of multi-variate statistics makes it possible to deter-
mine characteristics and specific values for substances and reactions. This is a
great advantage in contrast to the conventional purely binary evaluation. In this
study, a drop hammer based on the ball impact tester (BIT) developed by OZM
[18] was constructed and equipped with various sensors. The sensor system com-
prised three infrared (IR) and three visible (VIS) diodes with distinct sensitivities,
along with a microphone and a piezo shock sensor. Two batches of Hexamethy-
lene triperoxide diamine (HMTD) were synthesized and subsequently subjected
to a water-methanol washing process [10, 20]. One batch was prepared three
months earlier to enable measurement at different ageing stages of HMTD. The
primary objective was to validate the sensor system, which involved the evalua-
tion of four ignition substances during experimentation. Data analysis involved
extracting features from the collected data and assessing them using multivari-
ate statistics. Subsequently, the impact sensitivities of the two batches of HMTD
were determined, and the corresponding sensor responses were evaluated. The
study also investigated the influence of ageing on the impact sensitivity and the
reaction progression. Additionally, HMTD was initiated with different spheres
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possessing equal energy to examine the impact type’s influence on the reaction
course. To monitor the samples, HMTD was measured using a Proton Trans-
ter Reaction-Time of Flight (PTR-TOF) device. The headspace of the sample was
analysed using this method. Furthermore, Raman spectroscopy was employed
to measure the HMTD samples.

4.2 Experimental

4.21 Synthesis

HMTD

Caution. HMTD is a strong explosive compound and requires experienced per-
sonnel. HMTD was synthesized according to the methodology outlined by
[21, 22]. In a three-necked flask with a magnetic stirrer, 1.40 g (10 mmol) hex-
amethylenetetramine was dissolved in 4.6 ml (50 %) H>O, and cooled to ~0°C
(ice/NaCl) in an ice bath. With stirring, 2.3 g (10.94 mmol) of citric acid monohy-
drate was added stepwise. The solution was further stirred for 8 hours and then
stored at 24 °C in a refrigerator at 4 °C. The product was then washed first with
100 ml of distilled water and then with 50 ml of methanol using a vacuum sucker
and dried. The yield was 0.58 g (~25%).

TATP

30 wt% of hydrogen peroxide was added to a flask, utilizing a small stirring rod.
The flask was tightly sealed with parafilm and subsequently positioned in a t in
a tempered ice bath. Pure acetone was introduced into the flask containing the
hydrogen peroxide, and the two substances were allowed to thoroughly mix for
a minimum of 15 minutes. Following this, sulfuric acid was added to the mix-
ture. The combined solution was left undisturbed for a duration of 24 hours, af-
ter which it underwent purification from DADP (Diacetone diperoxide) through
treatment with hot methanol (recrystallisation). Subsequently, the substance was
subjected to washing with distilled water to remove impurities [23]. The sub-
stance was checked for the presence of TATP and DADP using Raman spec-
troscopy (Analytical Methods).
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4.2.2 Analytical Methods

Raman

To analyse the sample and to ensure that the synthesis product contains mainly
HMTD and TATP including the expected by-products, Raman measurements
were performed with a FirstDefemder R; RM3706. The measurements were taken
with the standard parameters of the instrument and compared and evaluated
with the instrument’s internal substance database. PTR-ToF For the measure-
ments with the time-of-flight mass spectrometer with proton transfer reaction
(PTR-ToF-MS), an Ionicon 2000 with a thermal desorption unit is used. This sys-
tem consists of a reaction chamber, a drift tube, a time-of-flight mass spectrome-
ter and an ion source. The thermal desorption unit is integrated into the system
to facilitate the analysis of volatile compounds. The aim of the measurements
is to ensure that they are HMTD and common by-products and decomposition
products, as in the Raman measurements, and to determine how the ratios of the
contents can be compared between the old and the new batch. For the measure-
ments, 5 mg of the sample was filled into a vial and then enriched in the thermal
desorption unit. The vial was filled and left to stand for 30 minutes to allow the
volatile substances to accumulate in the gas phase. The suction tube of the device
is then held in the vial and the sample is measured.

Sample Preparation

Four different explosives were tested during the measurements: TATP (C¢H1204),
HMTD (C¢H12N120g), lead azide (Pb(N3)2), and silver azide (AgN3) were mea-
sured. The azides were purchased from DyniTec GmbH and were of industrial
quality. The peroxides were synthesized according to the chapter on Synthesis.
In the case of HMTD, two batches were prepared, one 3 months old at the time
of measurement and the other a few days old. This serves to compare different
ageing stages. Both batches were dried and stored at 30 % RH and 18 °C.

For the calibration measurements, TATP, silver azide, and lead azide were
measured in addition to HMTD. Salt was also measured to investigate the influ-
ence of the ball impact on the microphone and the piezo crystal and to distinguish

it from the signal of the explosive. In addition, blank measurements were carried
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out. Sample preparation was standardized for all substances by first storing the
sample in a climate chamber at 30 % RH and 18 °C for at least 24 hours.

Drop hammer

Building upon the promising outcomes of previous investigations [18], a drop
hammer based on OZM’s BIT (Ball Impact Tester) was constructed. This drop
hammer demonstrated suitability for testing primary explosives including sen-
sory monitoring. The test procedure involves a steel ball of specified weight be-
ing dropped onto the sample from a predetermined height. If the kinetic energy
of the ball surpasses a certain threshold, the sample ignites, indicating a positive
result. It comprises a steel base plate and a head part with an electromagnet.
The electromagnet controls the release of the ball. The head part can be adjusted
continuously along an aluminium rod. The sample is placed on a ceramic plate
located on the base plate. An exemplary sketch of the structure can be seen in
Figure 4.1.

Distinguishing itself from the OZM BIT, this setup incorporates a ceramic base
plate instead of steel. This change was made to prevent cavities from forming on
the plate after repeated tests, as such cavities could potentially impact the test re-
sults. Another distinction lies in the manner of ball release. In the OZM BIT, the
ball rolls over a ramp, acquiring rotation and making ignition possible through
friction. Additionally, the ball experiences horizontal acceleration, making it nec-
essary to employ camera monitoring to ensure accurate impact on the sample.
In the current setup, however, the ball is secured by an electromagnet, result-
ing in purely vertical acceleration and eliminating ball rotation. Impact energies
ranging from 4.4 m] to 233.8 mJ can be achieved using this configuration. Then,
according to the sample preparation of BIT [11], sample was placed on the base
plate of the drop hammer. It was applied 5mg of the sample with a measuring
spoon during the preparation. The sample was then smoothed to a thickness of
0.3 mm using a slide and rail, leaving a clotted layer. Table 4.1 shows the area and
displaced volume of the ball at a sample height of 0.3 mm.
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Figure 4.1: Setup drop hammer: a: baseplate, b: rod, c: electro magnet, d: ball,
el-3: sensors and data acquisition, f: sample

Table 4.1: Used ball sizes and heights, area and dispatched volume for ball size
comparison.

Ball-size [mm] Mass [g] Area [mm?] Vol. [mm?]

6 0.88 5.37 0.82
8% 2.01 7.26 1.10
10 4.08 9.14 1.35
15 23.08 27.99 4.21
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4.2.3 Sensor array

To monitor the reactions, the drop hammer was equipped with various optical
and acoustic sensors. For the IR range, a pre-amplified IR sensor (PDAPCS3 - Thor-
labs) and two IR diodes with downstream non-inverting amplifier with different
gain levels were used. For the visible range a pre-amplified sensor (PDAPC1-
Thorlabs) and two additional differently amplified VIS diodes (Conrad Electronic
TRU COMPONENTS 1000nm 3004M1C) were used. Due to the redundant pho-
todiodes, both large signals, as expected for azides and the like, and small signals,
as for peroxides, can be detected. The acoustic sensors used were a MEMS mi-
crophone (ELV MEMSI) for sound and a piezo shock sensor (TE Connectivity
Vibration Sensor) for baseplate vibration. The analogue signals from the sensors
are measured and recorded using a DAQ board (Meilhaus RedLab 1608FS-PLUS)
with a sampling rate of 100 kS/s. The entire setup is shielded for noise reduction
and housed in an enclosure that is shielded against interference signals and the
reaction gases can be exhausted.

4.2.4 Measurement Parameters

The second series of measurements investigated the influence of ball size on ig-
nition and reaction behaviour, using samples exclusively from the new batch of
HMTD. For these experiments, measurements were conducted using two balls
of different sizes (10 mm, 40cm, 4.08g; 8 mm, 80 cm, 2.01 g), with the same en-
ergy level (16 mJ) corresponding to the respective height and repeated 10 times
for each configuration. The data were evaluated following the same approach as
in the first series of measurements. The aim here is to find out whether there is a
trend between the size of the impact body and the intensity of the reaction. The
third part of the paper deals with the comparison of the impact sensitivity of the
two batches of HMTD and whether or how ageing affects the impact sensitivity
of the material. In addition, the characteristics of the reactions are to be compared
and whether differences arise due to ageing, the type of combustion of the sam-
ple. The heights of 40 cm, 30 cm, 25 cm and 20 cm were measured with the 6 mm
sphere (0.88 g) in 10 trials each. The 10 mm sphere was used, because with this

weight of the sphere a large energy range as well as an exactly sufficient reso-
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lution to small energies is realisable at the construction. The resulting energies
are 1.72m]J, 2.16 mJ, 2.6 mJ, 3.5m]J and 5.2 m]. In addition to recording the sensor
reactions, it was also documented whether the samples reacted completely, par-
tially or not at all. Whether a sample was only partially reacted was checked by
checked visually. The energy was gradually reduced until none of the 10 samples
ignited. The evaluation of these measurements took into account both the raw

data and the multivariate statistical analysis.

4.2.5 Pre-processing and Statistics

The measurements underwent pre-processing and analysis using a Python script
[24] to obtain the sensor responses. To extract and present substance-specific
characteristics from the measurements, 10 distinct features were derived from
each measurement for every sensor. The features are namely the Y-position of
the peak, the width of the peak at the base, the height of the peak when cross-
ing the threshold, the height of the signal when falling below the threshold, the
width of the peak, the width of the peak at half height, the half-height of the peak
when rising, the half-height of the peak when falling, the integral of the peak,
the slope when rising as well as when falling. Due to the excessive number of
dimensions represented by the 80 extracted features, graphical analysis becomes
challenging. To address this, principal component analysis (PCA) was employed
to reduce the dimensions. The data was first pre-processed using a unit vector,
and then three principal components were calculated using the default param-
eters of Scikit-learn PCA library [25]. This reduction in dimensionality helps to
identify any apparent clusters within the data representation. By analysing the
loadings, we can determine which extracted features are valuable for characteris-
ing and identifying substances, and which features are redundant or unnecessary.
Additionally, the Scikit-learn library [25] was utilized, employing singular value
decomposition as a solver, to perform linear discriminant analysis (LDA) on the
entire dataset of extracted features. LDA, being a supervised method, not only
enables the exploration of substance-specific clusters in the data but also facili-
tates the determination of a regressor function. This regressor function allows for
the identification of unknown samples. To assess the accuracy of the regressor

function, cross-validation was conducted using the leave-one-out procedure. In
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this process, each measurement is successively used as a test dataset across all
measurements, ensuring comprehensive evaluation despite the relatively small
dataset.

4.3 Results and Discussion

In this section, we commence by presenting and assessing the analytical methods
employed for data analysis. Subsequently, we proceed to discuss the validation
measurements, ageing tests, and finally, the investigations conducted to ascertain
the impact of ball size. Each of these aspects is discussed independently and in a

sequential manner.

4.3.1 Analytical Methods

Raman

Figure 4.2 shows the data of the Raman measurements of old TATP (top), the
new HMTD (middle) and old HMTD (bottom). Looking at the measurement of
the TATP, there is a high overlap of the reference spectrum with the measured
spectrum. The evaluation shows that the data are 100 % consistent with TATP.
A search was also made for DADP (diacetone diperoxide), but this could not be
found. When looking at the HMTD measurements, no significant differences can
be seen between the old and the new batch. In both analyses, the substance is
assigned 100 % as HMTD.

PTR-ToF

When analysing the PTR-ToF data, the focus was on the HMTD-relevant frag-
ments. For both samples, the mass peaks of the relevant fragments were analysed
and plotted logarithmically. In Figure 4.3, the fragments relevant for HMTD are
plotted against each other. The method used only allows a limited quantitative
analysis of the components, but trends in the proportions can be estimated. Ta-
ble 4.3 lists the fragments with probable names of the molecules and fragments.

In the old batch, the peaks of trimethylamine and dimethylformamide stand out,
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Table 4.3: Predicted molecules and fragments of PTR-ToF

Fragment [m/z] Name
46.029 Formamide
60.081 Trimethylamine
61.028 Acetic acid
74.060 Dimethylformamide
179.140 HMTD-Formaldehyde
209.077 HMTD

which indicates that this substance is formed during decomposition. This is con-
sistent with observations from the literature. In general, it can be seen that sub-
stances that appear in measurements carried out in the literature can also be seen
in these [10]. The results of the measurements show on the one hand that the
synthesised substance is HMTD, and also that the composition of the substance
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Figure 4.3: Cintegrals of selected molecular fragments of old and new HMTD,
logarithmically plotted
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4.3.2 Validation measurements

In the following, the features “Micro_integral” and the feature “piezo_integral”
are discussed as examples, as an evaluation of all features would go beyond the
scope of this article. These features represent the integrated signal above the
threshold of the respective sensors. This was extracted as in Pre-processing and
Statistics. Diagrams show the mean value including standard deviation of the
extracted features for each sample. The feature “Micro_integral” was analysed
to assess its effectiveness in differentiating explosives. Figure 4.3 illustrates the
clear signals observed for the measured explosives. The mean values for AgN3,
HMTD, Pb(N3)2, and TATP were found to be 0.10 V, 0.23 V, 2.1 V, and 0.17 V,
respectively. Conversely, the blank measurements and those with salt exhibited
significantly smaller signals, with the salt measurement presenting the lowest
signal intensity due to the attenuating effect of the substance. The signal from the
large sphere is more pronounced due to the stronger impact on the ceramic plate.
However, it is important to note that the standard deviations associated with the
explosive samples were substantial, surpassing the corresponding mean values.

The feature “piezo_integral” was investigated to assess its discriminatory abil-
ity in the classification of explosives and to identify substance-specific trends.
Figure 4.4 shows the analysis performed with this feature (mean values of the
substances). Distinct signals were observed for the azide compounds. This phe-
nomenon can be attributed to the higher power compared to peroxide-based ex-
plosives [13]. The structure-borne sound generated by the reactions propagates
to the piezoelectric sensor and leads to the detected signals. However, the per-
oxides, especially TATP and HMTD, had relatively low signals whose intensities
hardly differed from the blank measurements. This can be attributed to the nature
of their reactions, which lead to less pronounced transmission of structure-borne
sound.

Interestingly, the blank measurements had comparatively high signals. This
can be attributed to the fact that the ball hits the base plate without encountering
any resistance or braking effect. On the other hand, the presence of salt resulted
in the smallest mean value of all substances examined. This can be attributed to
the dampening effect of the substance, which softens the impact and reduces the

resulting signal intensity.
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When analysing the standard deviations related to the feature “piezo_integral”,
it can be seen that the values are smaller compared to features such as the “mi-
crophone_integral”, but still too high to prevent an effective classification based
on this feature alone. Therefore, additional features or complementary analyt-
ical methods are needed to improve the accuracy and reliability of explosives
classification using the entire dataset.

When evaluating the features of the optical sensors, it becomes apparent that
the azides produce clear optical signals through away. However, the emission
of light during the decomposition of the peroxides is very sporadic. This greatly
increases the standard deviation of these features and shows that none of these

features are suitable for denoting the substances.
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Figure 4.4: Mean of the Micro_integral feature for every sample including stan-
dard deviation for validation measurements

Principal Component Analysis (PCA) was utilized to derive three principal
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Figure 4.5: Mean of the piezo_integral feature for every sample including stan-
dard deviation for validation measurements

components from the initial set of 80 features. As an unsupervised method, PCA
enables the reduction of data dimensions and offers insights into data separabil-
ity. Figure 4.3 illustrates a plot of the three principal components obtained. Upon
examining the plot, it becomes apparent that the point clouds corresponding to
HMTD and TATP measurements exhibit overlap. This suggests that the classifica-
tion of these substances is limited within the series of measurements conducted.
Notably, TATP displays a notably smaller scattering range compared to HMTD,
aligning with the observations made regarding the average micro_integral fea-
ture values. When considering the blank measurements and those involving salt,
distinct and well-defined clusters are observed. These clusters indicate clear sep-

arability between these groups, reflecting their distinctive characteristics.

The point clouds associated with the azide compounds are particularly strik-
ing. They exhibit substantial scattering, consistent with the observations made
regarding the extracted features. Notably, the azide measurements distinctly sep-
arate from all other point clouds, emphasizing their unique characteristics. Over-
all, the PCA analysis provides valuable insights into data separability and cluster-
ing patterns. The results highlight the challenges in accurately classifying HMTD
and TATP based on the measured substances while demonstrating the distinct
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Figure 4.6: PCA-plot of the calculated three components of validation measure-
ments
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clustering of blank measurements, those involving salt and azide compounds.
These findings align with the observations made regarding the feature analyses.

If we look at the scree plot (Figure 4.7), we can clearly see that the first main
component already covers about 60 % of the total variance, the second still pro-
vides 15 % and more values, and the third about 8 %.

Scree Plot

Cumulative Explained Variance

3.5

Number of Components

Figure 4.7: Cumulative scree plot of first three PCA components

The LDA is a supervised method, thus characteristics that differentiate the
classes from each other are weighted more heavily. Figure 4.8 shows the data
reduced by LDA. As in the PCA-reduced data, it is evident that most of the com-
pounds form clusters that are distinct from each other. However, if the peroxides
TATP and HMTD are considered, it is evident, as in the raw data and PCA, that
the clusters overlap and classification is not possible or only possible to a very
limited extent.

To validate the LDA, a leave-one-out cross-validation was performed and a
predictor function was created. Iteratively, each measurement was used once as
a test measurement and the others as training data. The results of this cross-
validation are shown in Figure 4.9 in a heat plot. It can be seen that HMTD was
assigned 8 times as TATP and TATP 8 times to HMTD. However, this is sufficient,
since a better separation can be expected when differentiating different peroxides

by means of LDA without strongly deviating azides.
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4.3.3 Influence of the ball size

In order to rule out the influence of the ball masses as the sole cause of the ob-
served trends in the sensor signals, blank measurements were performed as part
of the experimental protocol. In particular, the microphone and piezo signals
were examined during these blank measurements (where no optical emission
was expected). Through this analysis, it was confirmed that the intensities of
the blank measurements differed from each other. However, it should be noted
that the intensities of the blank measurements were significantly lower compared
to the signals from the measurements with HMTD and thus do not have a con-
founding effect on the results. When analysing the results from the comparison
measurements, which were performed with different sphere sizes but the same
initiation energy, it can be seen that the extracted features show similar behaviour
to the validation measurements. To further evaluate the properties of these fea-
tures, an illustrative example is discussed. In the first example (Figure 4.10), the
integral of the piezoelectric sensor response is plotted against the ball size /height.
The plot shows that the signal resulting from the responses to the larger sphere is
more pronounced compared to the signals from the measurements with a small
ball. However, similar to the validation measurements, it can be seen that the
values have a high standard deviation. Consequently, a clear distinction between
the different measurements is not possible when relying only on this one feature.
Other features in this series of measurements also confirm the trend that initia-
tion with the larger ball tends to elicit more violent responses. The reason for
this is presumably the larger surface area and ergo a higher attenuation of the
sample [11]. This makes fast and complete reaction of the sample more likely.
The extracted features of this measurement series were also evaluated using mul-
tivariate statistics. Since there are only two parameter sets in this measurement
series, an evaluation via LDA is not possible. In Figure 4.11, the features reduced
by PCA are plotted. In spite of the fact that PCA is a non-supervised method, it
can be seen that clouds of points of the two ball sizes are formed which are sepa-
rated from each other. It can be seen that the measurements with the large sphere
scatter significantly more. This is consistent with the observation that these mea-

surements have a higher standard deviation in many features (Figure 4.10).
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Comparison of the ageing stages

The evaluation of this series of measurements is carried out without taking into
account the influence of the sphere size, as only one type of sphere was used.
In Figure 4.12, the relationship between the frequency of ignitions and impact
energy, as well as substance type, is visually represented. The left portion of the
figure illustrates the ignition probability per measurement plotted against energy.
Notably, at an energy level of 5.19 m], all samples, including both the new and old
batches, exhibit a 100% ignition rate. The data results in an E;o value of around
2.2]. However, if these results are compared with the existing literature of 6 m]
[11], it is noticeable that the value determined is lower than the value given in the
literature. This is remarkable, as ignition due to friction can be ruled out in our
setup. The value determined with the BAM drop hammer is also significantly
higher than ours at 60 mJ [13]. It should also be noted that these values can fluc-
tuate depending on factors such as crystal modification and water content [11].
Despite the uniform design, synthesis, and handling of the samples, the results
presented do not indicate a firm correlation between the course of the reaction
and impact sensitivity in connection with the ageing of the substance, but rather
show the possibility that a correlation exists.

By examining the ignition probability of the new HMTD, it becomes evident
that all samples ignite even at a lower energy level of 3.46 m], with the probability
decreasing as the energy decreases. In contrast, the behaviour of the old batch
HMTPD differs. The probability of ignition does not exhibit a consistent decline
with increasing energy. For instance, at 3.46 m]J, the ignition probability is only
90%, while at 2.59 m], it returns to 100%. At an energy level of 1.73 mJ, no further
conversions occur with the old HMTD.

Analysing the frequency of partial conversions for both substances (Fig-
ure 4.12, centre), it is evident that no partial reactions are observed at an energy
level of 5.19m]. The highest likelihood of partial reactions occurs at an energy
level of 2.16 m], with the old substance demonstrating a tendency towards par-
tial reactions in 50% of the measurements, compared to approximately 30 % for
the new substance. Moreover, considering that the old HMTD does not undergo

any conversion at an

In the course of this series of measurements, additional information was ex-
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Figure 4.12: Probability of conversion versus impact energy of old and new
HMTD. Left: all combustions, middle: only partial combustions, right: only com-
plete combustions
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tracted from the collected data and analysed using multivariate statistical meth-
ods. To illustrate this process, the feature known as micro_integral (Figure 4.13)
was selected as an example. Looking at the data, it is evident throughout all
heights and also samples that all measurements, as with those of the validation
measurements, show a high standard deviation. For measurements at 20 cm, no
ignition occurred for the old HTMD, ergo no signal is seen. Apart from the value
for new HMTD at 20 cm, the mean values increase with increasing height, that is,
as the energy increases, the violence of the response increases. It is clear to see
that the mean values of new HMTD consistently have a higher value, indicating
that it responds more violently compared to the old batch. This trend is consis-
tent across almost all of the features extracted. Although differences in the mean
values can be seen in almost all features, the substances cannot be discriminated
due to the large standard deviation.

The results show that the aged HMTD is more insensitive to impact and shows
a milder decomposition reaction compared to the freshly produced product. The
reason for this could be that HMTD ages rapidly. In this aging process, the sub-
stance decomposes into smaller, non-reactive parts. These are deposited on and
in the crystals, which can interrupt the continuation of the reaction front [11].
Other impurities, which can also vary from batch to batch, can have a similar
effect. Furthermore, the net explosive amount of the sample decreases, which
means that quantitatively less material is present that can react.

Due to the limited number of measurements (10 per parameter set) and the
fact that not all measurements resulted in ignition, a comprehensive analysis of
class-specific characteristics becomes challenging. Nonetheless, the dataset en-
compassing all measurements leading to sample conversion, including the val-
idation measurements, underwent a thorough evaluation utilizing multivariate
statistical techniques. Out of the 100 measurements conducted in this series, a to-
tal of 76 yielded full or partial combustion. These measurements were subjected
to Linear Discriminant Analysis (LDA) and subsequently reduced to three di-
mensions, as depicted in Figure 4.14. Distinct HMTD batches are denoted by var-
ious colours, while different symbols represent varying heights. When looking
at the plotted points, it is clear that the point clouds of the two samples separate
on the axis of the first components, when intersections also occur. Comparing

the measurements of the individual heights (marked with different symbols), a
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Figure 4.13: Mean of the Mikro integral feature for all combusted samples and
heights including standard deviation for impact sensitivity measurements

trend can also be seen. Thus, on average, the values of the points on compo-
nents 1 and 2 increase with increasing height. Basically, it can be seen that the
points of the measurements of the old HMTD show a larger scatter, whereby the
height-dependent trend, which can be seen well with the new HMTD, is only
weakly developed. The reason for this is presumably the changed morphology
and composition of the sample due to aging. Batch to batch variation must also
be taken into consideration. In principle, however, it seems possible to discrim-
inate measurements from batches of HMTD of different ages on the basis of the
sensor response of the decomposition reaction. In order to validate the possibility
of assigning measurements, cross-validation was performed, as was done for the
validation measurements (Figure 4.15). In the heat plot shown, the true values of
the measurements are plotted on the Y-axis and the predicted values are plotted
on the X-axis. All measurements in the red marked area show measurements of
the new HMTD, those in the blue those of the old one. Measurements that are
not in any of the boxes are incorrectly predicted. Measurements that are within
the marked fields are partially predicted to the wrong height, but to the correct
substance. It is worth noting that these values can exhibit variations depending
on factors such as crystal modification and water content [11]. Despite the uni-
form design, synthesis and handling of the samples, the results presented do not

indicate a firm correlation between the course of the reaction and impact sensitiv-
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ity in connection with the ageing of the substance, but rather show the possibility

that a correlation exists.
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Figure 4.14: LDA-plot of the calculated three components of impact sensitivity
measurements
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4.4 Conclusion

In conclusion, a drop hammer apparatus resembling the OZM Ball Impact Tester,
equipped with optical and acoustic sensors, was utilized for the evaluation of im-
pact sensitivity and response of four distinct initial explosive materials: HTMD,
TATP, silver azide and lead azide. The peroxides were synthesized, and two
batches of HMTD with different ages were prepared. The substances underwent
controlled energy-induced conversions to validate their distinctive characteristics
and ensure differentiation capability. Extracting 80 features from each measure-
ment, followed by multivariate statistical analysis and dimensionality reduction,
facilitated the differentiation process. Cross-validation yielded a predictor func-
tion accuracy of 93 %, confirming the suitability of the setup for distinguishing
ignition substances. In the subsequent segment of this research, the reaction be-
haviour of HTMD was examined at different ball sizes and heights, maintaining
a constant energy level as in the initial phase. The objective was to assess the
impact of sphere size on the reaction process. Statistical evaluation results indi-
cated that the severity of the reaction increases with larger ball sizes, highlighting
the dependency on the impact area rather than the ball velocity. Future experi-
ments will explore this influence with different substances. In the final phase
of the study, the impact sensitivities of two differently aged batches of material
were determined and the response curves observed. The analytical methods con-
tirmed the ageing phenomena described in the literature [26, 27, 22, 10]. The
experiments were performed with energies between 1.73 mJ and 5.19 mJ, and the
number of ignitions per height and substance was evaluated as 1 out of 10 [14].
The static evaluation showed that ageing could influence the impact sensitivity.
In addition, the statistical analysis revealed that aged materials have a higher
tendency to partial combustions. Overall, this study provides insights into the
differentiation of igniters, the impact sensitivity of aged materials and the influ-
ence of ball size on reaction behaviour. Future studies will include measurements
of several batches with different ages in order to exclude batch to batch variations
and to obtain more comprehensive and accurate results. It would also be useful
to measure the substances at more than just two ageing stages. In future, more

comprehensive series of measurements will also have to be carried out for experi-
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ments with different sphere sizes. On the one hand, a larger repertoire of spheres

and, if necessary, also different substances must be measured.
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Abstract: Triacetone triperoxide (TATP) is a significant threat due to its use in im-
provised explosive devices (IED), attributed to its simple synthesis and readily
available precursors. TATP exhibits high sensitivity to impact, friction, and heat.
This study investigates detection methodologies focusing on the effects of various
laser beam parameters on TATP. By applying coatings with known absorption co-
efficients, energy can be coupled in a controlled manner without prior knowledge
of the substance. This allows for controlled local initiation, preventing mass det-
onation. In our setup, graphite-coated TATP is irradiated with laser radiation,

analysed and controlled using PTR-ToF-MS and a sensitive microphone.

5.1 Introduction

Triacetone triperoxide (TATP) is a highly unstable and sensitive explosive, known
for its hazardous nature. Even in small quantities, TATP is prone to detona-
tion from minimal stimuli, such as friction, impact, or changes in temperature.
This sensitivity makes it extremely dangerous to handle and transport. TATP’s
volatility and unpredictability have made it one of the most challenging explo-
sives to manage safely, highlighting the significant risks associated with its pres-
ence. The simplicity of its synthesis, coupled with the ready availability of its
reactants, makes TATP a popular yet dangerous explosive among terrorist cir-
cles, presenting considerable challenges to civil security pattern [1, 2, 3, 4]. Un-
like many explosives, TATP contains neither metallic elements nor nitro groups,
complicating detection with traditional spectroscopic methods [5, 6, 7, 8, 9, 10,
11, 12]. The significance of this research lies in the fact that TATP represents a
major threat to public safety due to its extreme instability and susceptibility to
detonation. Developing reliable and safe detection methods for TATP is crucial
to preventing its use and mitigating its dangers. In particular, non-destructive
detection methods that do not require mechanical sampling are of utmost im-
portance, as traditional approaches are often unreliable or pose safety risks. This
research contributes to the exploration of new laser-based detection methods that
address the specific challenges posed by TATP and offers a valuable contribution
to enhancing civilian security measures. Due to TATP’s high sensitivity and the

dangerous nature of substance transformation, non-destructive detection meth-
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ods and those without mechanical sampling are clearly advantageous in iden-
tifying the material. Laser supported techniques such as Raman spectroscopy
have been employed, with notable successes [13, 14]. In fact, several commercial-
ized systems now utilize Raman spectroscopy for TATP detection, developed by
companies like Pendar Technologies, Thermo Fisher Scientific, and Detectachem
[15, 16]. Pendar’s X10 handheld Raman spectrometer is capable of identifying
hazardous materials, including highly sensitive explosives like TATP, at standoff
distances up to six feet, offering enhanced safety and efficiency in field opera-
tions. Similarly, Thermo Fisher’s FirstDefender and TruNarc systems are widely
used by law enforcement and military agencies for rapid identification of explo-
sives, leveraging both Raman and FTIR technologies to detect TATP and other
hazardous substances. These systems exemplify the successful transition from
research to practical, deployable solutions in enhancing security. In addition to
commercial systems, several academic studies have validated the effectiveness
of Raman spectroscopy in detecting TATP. For example, Fan et al. demonstrated
that Raman spectroscopy could be successfully employed to identifty TATP, even
at trace levels, making it a robust technique for explosive detection [7]. Bulatov
et al. further explored the advantages of Raman spectroscopy in distinguishing
between different peroxide-based explosives, highlighting its selectivity and sen-
sitivity [5]. The use of portable Raman systems in real-world environments has
also been discussed by Zapata et al., emphasizing their utility in explosive detec-
tion [17]. These studies support the view that Raman spectroscopy, particularly
in its commercialized handheld forms, is both effective and reliable for TATP de-
tection. For instance, Pendar X10 has been recognized for its ability to detect
dangerous materials, including black powders and dark explosives, while min-
imizing the risk of ignition, thanks to its innovative design that disperses laser
heat over a larger area [15]. Thermo Fisher’s FirstDefender RM and TruDefender
also offer non-contact chemical identification, crucial for safe and efficient han-
dling of explosives like TATP in real-time scenarios [16]. Additionally, the poten-
tial for laser initiation of explosive substances has been explored, where a short
ignition time is typically the goal [18, 19, 20, 21, 22]. In the field of analysing TATP
using MS methods, especially with PTR-ToF-MS, a number of results have been
achieved. This technique has been particularly successful in the detection of very

low concentrations [12, 23, 24]. A major advantage of this is the extremely short
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analysis time of the device, which can be regarded as real time analysis. This
makes the measuring method very suitable for live monitoring of processes and
reactions [25, 26, 27]. However, the local and controlled initiation of energetic
materials using laser radiation comes with a range of problems, particularly for
primary explosives. For these, the ignition thresholds are comparatively low, and
complete conversion of the sample is likely [18, 20, 28]. The use of coatings in
the context of laser processing was investigated [18, 29]. The results show that
the energy required to achieve the desired effects can be significantly reduced by
using coatings. In this context, the controlled coupling of energy through laser ra-
diation, using coatings, into the materials under investigation is of great interest
for the monitoring of the reaction, especially without knowledge of their specific
absorption coefficients. One approach is the coating of substances with materials
that have a known and significantly higher absorption coefficient than that of the
explosive. The desired effect of the coating is to determine laser parameters and
conditions at which no conversion of the entire explosive mass occurs, particu-
larly with highly sensitive substances, and at which non-critical quantities (e.g.
individual crystals) are initiated simultaneously. For this publication, TATP was
synthesized and subjected to photonic radiation. The samples were exposed to
power levels ranging from 25 mW to 100 mW, and a set of the samples was coated
with graphite to investigate the influence on the processing and decomposition
of the substance. The purity of TATP was initially assessed using PTR-ToF-MS
and Raman spectroscopy. PTR-ToF-MS was used to analyse the reaction gases.
In addition, measurements were taken using a microphone. As a sensor, this
can provide a certain amount of information about the degree and intensity of
decomposition and, if necessary, about partial decomposition. [30, 31, 32]. The
objective of this study is to investigate the relationship between the behaviour
of TATP under photonic irradiation and the applied power levels. Furthermore,
the influence of highly absorptive coatings on the decomposition of the substance
will be examined, as well as the extent to which these coatings promote partial

reactions at lower power levels.
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5.2 Experimental Section

5.2.1 Synthesis of TATP

A 30% aqueous solution of hydrogen peroxide was carefully dispensed into a re-
action vessel using a slender mixing rod for stirring. The vessel was securely
sealed with parafilm to prevent any contamination or evaporation and then
placed within an ice bath to maintain a low reaction temperature. Afterward,
an aliquot of anhydrous acetone was added to the vessel already containing the
hydrogen peroxide solution. The two reagents were mixed for at least 15 min-
utes to ensure uniform distribution. Concentrated sulfuric acid was then slowly
introduced to the homogenous solution. The obtained mixture was left to stand
undisturbed at a low temperature for a full 24- hour period. Following this incu-
bation period, the reaction mixture was subjected to a purification process to sep-
arate Diacetone diperoxide (DADP), using heated methanol as the purification
agent. The final product was further cleansed with distilled H2O to eliminate
residual contaminants as reported by Oxley et al. [33]. Verification of TATP and
DADP within the sample was performed employing Raman spectroscopic tech-
niques, as outlined in Analytical Methods. The synthesis of TATP involves the
reaction of hydrogen peroxide with acetone under acidic conditions, with con-
centrated sulfuric acid acting as the catalyst, as described in the method adapted
from Oxley et al. One of the key aspects of this reaction is the formation of vari-
ous peroxide species, including diacetone diperoxide (DADP), which necessitates
further purification to isolate TATP. Acetone is tracked and measured as a critical
decomposition product of TATP, as its formation is indicative of the breakdown
of the peroxide bond structure within TATP molecules. The identification and
monitoring of DADP, along with acetone, are crucial for confirming the purity
of the synthesized TATDP, since the presence of DADP may complicate the de-
composition behavior of TATP in subsequent experiments. This provides a more
thorough validation of the experimental data and ensures that the TATP used is

not contaminated by significant amounts of other peroxides.
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5.2.2 Sample Preparation

Ahead of conducting the experimental measurements, the prepared samples
were placed in a climatic chamber and left undisturbed for a minimum dura-
tion of 48 hours at a controlled relative humidity of 20 % and a temperature of 18
°C. For the experimental analysis, each sample was transferred into cylindrical
metallic tubes of 2 mm diameter and gently pressed by hand. The fill level was
set at 5 mm, yielding an average sample mass of 10 mg. For the coated samples,
a layer of graphite was applied. The graphite coating was administered using an
aerosol technique, employing an airbrush at a consistent distance of 10 cm and a
spray duration of 500 ms. Figure 5.1 shows a prepared coated and an uncoated

sample as an example.

| =]
100.00pm 100.00pm

Figure 5.1: Image of the prepared TATP samples, coated on the left (a), uncoated
on the right (b)

5.2.3 Analytical Methods

Microphone

A MEMS microphone (ELV MEMS1) was used for acoustic monitoring of the
experiments under laser processing. The data was recorded using a DAQ card
(Meilhaus Redlad FS 1208) with a sampling rate of 10 kHz.

66



Raman

The synthesized sample was subjected to analytical scrutiny to confirm the pre-
dominance of TATP and its anticipated by-products within the product mix. This
was achieved through Raman spectroscopic analysis utilizing a First Defender R
device. Instrumental readings were conducted following the standard operating
parameters of the device. The resulting spectral data were then cross-referenced
and assessed against the device’s built-in chemical substance library for verifica-

tion.

PTR-ToF-MS

A Proton Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-ToF-MS),
particularly the Ionicon 2000 model, was utilized for the characterization of syn-
thesized triacetone triperoxide (TATP). This included confirming its identity and
detecting prevalent by-products and decomposition compounds. The PTR-ToF-
MS comprises an ion source, reaction chamber, drift tube, and a time-of-flight
mass spectrometer. For analysis, a 5mg sample of TATP was placed in a sam-
ple vessel and left undisturbed for 60 minutes to facilitate the accumulation of
volatile compounds in the gas phase. Subsequently, the PTR-ToF-MS’s suction
tube was introduced into the vessel to collect the gas sample, using an ionization
voltage of 80 Townsend. The same protocol was adhered to during laser experi-

ment measurements [34, 35].

Laser

The samples were irradiated using a laser system developed by Laser Zentrum
Hannover e.V. This system is based on a pulsed neodymium-doped yttrium alu-
minum garnet (NdYAG) laser, with its output wavelength shifted to 532 nm via
a frequency conversion crystal. The laser operates at a maximum power of 5 W
and a pulse repetition rate of 2000 Hz. Each burst delivers exactly 10 pulses, with
each pulse providing 2.5 m] of energy and lasting for 10 nanoseconds. A 250 mm
focal length converging lens is integrated to focus and enhance the optical power.
Additionally, a polarization filter is utilized for fine-tuning the laser output. The

laser power was measured using a power meter, revealing fluctuations of approx-
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imately £1 mW during adjustments. Measurements of optical power and stability
were taken in 1-minute intervals. A shutter was used to precisely control the tim-

ing and duration of irradiation.

Setup

For the experiments, the samples were irradiated with laser. The irradiation was
controlled with a shutter, which was opened for 15s per measurement. The mi-
crophone and the hose for aspirating the sample for the PRT-ToF-MS are located
in front of the sample. A schematic sketch of the setup is shown in Figure 5.2.

h

BIL S A
I

Figure 5.2: Experimental setup: a: yz-stage, b: sample holder, c: sample surface,
d: microphone, e: laser beam, f: lens, g: shutter, h: laser system, i: PTR-ToF-MS

.00

Experiments

The experiments were organised as follows: 3 sets without coating (25 mW,
50mW, 100 mW), one with coating (25mW) and in total 10 measurements per
set were carried out. The shutter opened for 15seconds. During the each experi-
ment the spot of the beam was defocused on the surface of the sample, to a ratio
of 500 um. Here 5 measurements per parameter set were carried out. Various
power levels with and without coating were tested in preliminary trials. Power
levels of up to 100 mW proved to be useful for uncoated samples. Power levels
above this have led to ignitions in many cases. As conversion inevitably leads to
oversaturation of the PTR-ToF and this is undesirable, measurements with higher
power were not carried out. In measurements with coating, ignitions frequently
occur above 25 mW. Here too, measurements with higher power were not carried

out.
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5.3 Results and Discussion

Raman

Figure 5.3 shows the Raman measurement of the TATP, the spectra were corrected
with the internal software of the measuring device and plotted against a reference
spectrum (here in red). The analysis shows that the substance is TATP and that
the proportion of DADP (diacetone diperoxide) is negligible.

| Measurement TATP
Reference TATP

W/ e FIMA L A "~‘Wﬂmw~m\w‘w
S00 2000 2500

500 1000 _ 150¢

Figure 5.3: Raman spectrum of TATP highlighting the characteristic peaks

Data PTR-ToF-MS

Figure 5.4 shows the mass peaks relevant for the identification of TATP. Due to
the protonation of the fragments with a proton, the mass is always 1 g/mol higher
than the expected fragment. The peak at 59.049 can be assigned to acetone and
the peak at 223.240 to TATP. Mass peaks that are visible in our measurement such
as m/z 59.049, 74.000, 75.000, 91.000 are also described in the literature and are
typical for TATP [36].

The masses given below for TATP and acetone each contain the additional
mass of a proton due to ionisation in the PTR-ToF-MS. The following section
presents representative measurements for each class and the investigated mass
traces of acetone (59 g/Mol) and TATP (223 g/Mol), as a comprehensive discus-
sion of all data would exceed the scope of this paper. Figure 5.5 illustrates mea-
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Figure 5.4: Relevant mass peaks of the PTR-ToF-MS measurement of TATP

surements for the mass of acetone. The shutter opens at 10 seconds and remains
open for a duration of 15 seconds. Observing the representative measurement of
the uncoated sample at 25 mW (oG 25 mW)), it is evident that the concentration of
acetone slightly increases at around 25 seconds, which can be attributed to a grad-
ual heating of the sample. The power is insufficient to significantly convert TATP
into acetone, or to evaporate existing acetone. The measurement at 50 mW (oG
50 mW) exhibits a comparatively stronger increase, with the peak reaching about
75k counts. Here, too, there is a noticeable delay between the opening of the shut-
ter and the detection of acetone, suggesting that the sample is likely being heated
slowly rather than being instantaneously vaporized or decomposed. The highest
peaks are observed in the 100 mW uncoated class (oG 100 mW), with top values
just under 300k counts. It is notable that the signal begins to rise at approximately
12 seconds. Taking into account the offset sampling time of the PTR-ToF-MS, it
can be deduced that acetone is immediately transferred to the gas phase upon
laser impact. Additionally, the concentration continues to rise after about 20 sec-
onds, which may also be a result of the comparatively slow heating of the sample.
When analysing the signal from the coated sample at 25 mW (mG 25 mW), an ini-
tial increase is also visible at around 12 seconds. The presence of graphite at this

energy level is apparently sufficient to cause immediate decomposition and va-
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porisation of the sample. Similar to the 100 mW measurements, the concentration
starts to increase more significantly after 20 s. In our experimental setup, acetone
is closely monitored because it is one of the primary decomposition products
of TATP, formed during its thermal decomposition or photodecomposition. The
mass peak at m/z 59.049 corresponds to acetone, while m/z 223.240 corresponds
to TATP, both of which are crucial in confirming the decomposition dynamics.
The measurement and tracking of these mass peaks provide valuable insight into
the integrity of TATP during heating processes. As shown in figure 5.5, the grad-
ual increase in acetone concentration across the power classes suggests that TATP
is undergoing slow decomposition at lower power levels, with more rapid break-
down at higher power levels. This correlation between acetone formation and
TATP degradation is further supported by figure 5.6, which tracks the behavior
of TATP fragments at different power levels. Notably, the delayed signal rise of
TATP compared to acetone indicates that TATP decomposes in a more staggered
manner, releasing acetone as a primary byproduct. The presence of acetone and
the corresponding decrease in TATP signals provide strong evidence of TATP de-
composition, with the acetone concentration serving as a marker for the extent of

the reaction.

400k oG_100mwW
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2 250k
S 200k
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Figure 5.5: Exemplary measurements, one per class, of the acetone (59 g/mol)
traces in the PTR-ToF-MS
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Figure 5.6 showcases representative traces of TATP from the PTR-ToF-MS
measurements. For each class, a single measurement is depicted. Initially, it is
evident that the counts for TATP are significantly lower than those for acetone,
and the signal-to-noise ratio is also poorer. Examining the measurement from the
uncoated series at 25 mW (oG 25 mW), no discernible increase in TATP concen-
tration is observed in relation to the opening of the shutter. The class oG 50 mW
exhibits an increase to just over 50 counts around 25 seconds. Here, the delay be-
tween the shutter opening and the signal rise is greater than that observed for
acetone (the reason for this discrepancy remains to be explored). The signals are
difficult to distinguish from noise. Looking at the oG 100 mW class measurement,
a clear TATP signal is detectable, peaking at around 65 counts. As with acetone,
the delay between the signal and the shutter opening is shorter, yet longer than
that for acetone (approximately at 22 seconds). The class with the strongest sig-
nals is mG 25 mW. Similar to the oG 100 mW, a clear signal is noticeable, with a
timing that mirrors the 100 mW measurements. In the measurement shown, the
signal rises to over 75 counts. In both the oG 100 mW and mG 25 mW cases, an
energy threshold appears to have been reached where vaporization occurs sud-
denly, not through comparatively slow heating. Additionally, the throw out of
TATP from the borehole by minor partial decompositions could have locally in-
creased the concentration.

For the subsequent analysis of acetone and TATP traces, the measurements
were integrated and the average value per class was determined. Figure 5.7
presents the average values of the integrated data per class for acetone. Consis-
tent with the integrated microphone data, it is apparent that the class oG 25mW
shows the smallest value (1 M counts). This is followed by class oG 50 mW with
approximately 1.7 Mcounts. The class oG 100mW yields the highest value at
45Mcounts. The class mG 25 10 mW is around 3M counts. This trend is in
line with the results from the microphone data evaluation. However, the aver-
age value of the integrals per class for the TATP trace exhibits a different pattern
(figure 5.8). Here, the value for class mG 25 mW, at just about 2500 counts, is
higher than that for the oG 100 mW series (approximately 2200 counts). The rea-
son for this behaviour is presumably that although continuous decomposition
and evaporation of TATP takes place in the oG 100 mW class, partial decompo-

sition tends to occur sporadically. In the mG 25 mW class, hotspots are formed
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Figure 5.6: Exemplary measurements, one per class, of the TATP (223 g/mol)
traces in the PTR-ToF-MS

by the graphite, which lead to partial decompositions. These eject TATP particles
from the sample into the air, increasing the concentration. The value for class oG
25 mW is the smallest, with the value for oG 50 mW being slightly higher.

Data Microphone

The raw microphone data is discussed here first. Figure 5.9 shows an example
measurement of the microphone data for each category (as the amplitudes of the
signals are very different, different y axes are used). Absolute values were used
and corrected for their offset. Looking at the measurements without graphite at
25mW (red), the shutter opening at about 0.75V is clearly visible. The values do
not indicate that significant partial reactions take place. At a power of 50 mW
(0G 50mW, yellow) it can be seen that the signals are significantly stronger than
at 25mW. Here, a signal usually does not exceed 0.4 V. This trend continues at
100mW (oG 100 mW, orange), where signals of up to 2V are observed, some
even higher. Such peaks could indicate small partial reactions in the TATP, as
short and strong pressure increases are typical for explosives. However, the data
suggest regular processing without many irregularities. Examination of the sig-

nal from the coated sample shows that the signal is more uneven. Most peaks are
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Figure 5.7: Mean value of the integral of the mass traces of acetone (59 counts)
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Figure 5.8: Mean value of the integral of the mass traces of TATP (223 counts) per
class
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around 0.5V, some are over 1V. The signals indicate that smaller partial reactions
could also take place here. It can be seen that the course of the data at the begin-
ning of the measurement is more irregular and has more large peaks. This could
indicate that at the beginning of the measurement there is a stronger interaction
with the graphite, which erodes over time and is carried into the sample. Many
irregularities are also recognisable during the measurement, which indicate par-
tial conversions. Upon closer examination of the data (figure 5.10), the laser pulse
packet is discernible within the measurements. For the oG 25 mW measurement,
the peaks caused by the laser are barely distinguishable from noise. At 50 mW,
these become clearer, and at 100 mW, they are distinctly visible. The interaction
of the radiation with the sample is also clearly visible in the mG 25mW mea-
surement. Looking at the shape of the peaks, it is generally observed that there
is an initial “main peak” caused by the laser, followed by further reactions from
the sample, especially at oG 100 mW and mG 25 mW, resulting in small shoul-
ders or subsequent peaks. These are significantly more intense in the 100 mW
measurement compared to the coated 25 mW sample. The measurements from
all categories were integrated between the opening and closing of the shutter.
To account for slight variations in the opening times, the integrated values were
then normalized by the duration of the shutter being open. An overview of the

maximum values of the respective measurements shown can be seen in table 5.1.

Sample Class | Signal Amplitude Range (V)
oG 25 mW upto 0.75V
oG 50 mW up to 0.4V
oG 100 mW upto2V
mG 25 mW 0.5V (some over 1 V)

Table 5.1: Summary of Signal Amplitude Range for Each Category

Subsequently, the average values for each category were calculated and are
displayed in figure 5.11. Upon examining the data, it is noticeable that the mea-
surements from the uncoated 25 mW (oG 25 mW) samples exhibit the lowest
value, approximately 0.4 V. This is followed by the uncoated 50 mW (oG 50 mW)
samples showing around 0.45 V. The uncoated 100 mW (oG 100 mW) measure-
ments reach a value of about 1.15 V. The coated 25 mW (mG 25 mW) measure-

ments are positioned between these values, aligning with observations made
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Figure 5.9: Raw data from one measurement per class of microphone
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Figure 5.10: Raw data from one measurement per class of microphone, zoomed
in



from the raw data. The relationship between the emitted acoustic signal and
the power appears to be exponential for uncoated samples, given the available
data. In order to obtain more accurate and statistically relevant results, larger

measurement volumes will be used in future work.
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Figure 5.11: Mean values of the integral of all measurements per class of micro-
phone data divided by the shutter opening time

5.4 Conclusion and Outlook

This investigation has demonstrated the successful initiation of triacetone triper-
oxide (TATP), both graphite-coated and uncoated, using laser irradiation, with
analytical emphasis placed on proton-transfer-reaction time-of-flight mass spec-
trometry (PTR-ToF-MS). The results highlight PTR-ToF-MS as the superior ana-
lytical technique, offering highly sensitive and precise quantification of reaction
intermediates and products. This method provided critical insights into the reac-
tivity and energetic thresholds of TATP under varying laser parameters, particu-
larly concerning the influence of the graphite coating.

The application of the graphite coating was found to significantly modulate
the energetic response of TATP, increasing reproducibility and enhancing control

over partial initiation events. These findings suggest that the coating facilitates
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localized energy absorption, likely leading to the formation of hot spots that in-
duce crystal reorganization and reaction without full detonation. The graphite
layer, by virtue of its high absorption coefficient, appears to play a critical role in
mediating the energy transfer dynamics, enabling partial initiation at lower, non-
hazardous laser powers—conditions conducive to controlled analytical study.

In contrast, acoustic monitoring via microphone, while capturing sound phe-
nomena during laser initiation, does not offer the same level of precision or direct
analytical value as PTR-ToF-MS. Although the microphone provided supplemen-
tary data on initiation events, it does not meet the stringent criteria required for
robust analytical metrics in energetic material studies. Thus, its utility in this
context is limited to secondary, qualitative observations rather than quantitative
analysis.

In conclusion, PTR-ToF-MS has proven to be an indispensable tool for the pre-
cise monitoring and analysis of laser-induced initiation in sensitive energetic ma-
terials like TATDP, offering clear advantages over acoustic monitoring in terms of
specificity and analytical rigor. Future research will focus on further characteriz-
ing the role of various coatings in modulating initiation behavior and enhancing
detection sensitivity, as well as optimizing the interplay between laser parameters
and material response. Further measurements with different explosives are also
planned, so that a basis for a broader data and thus stronger scientific statement
on the methods and initiation mechanism can be made.

5.5 Declarations

Data will be made available on a reasonable request.
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Abstract: Triacetone triperoxide (TATP) and Hexamethylene triperoxide diamine
(HMTD), known for their propensity towards use in improvised explosive de-
vices due to facile synthesis from readily accessible precursors, present a con-
siderable security challenge. Their sensitivity to mechanical stimuli, such as
impact and friction, as well as to thermal input, necessitates the development
of advanced detection methodologies. This study is dedicated to evaluate the
influence of varied laser beam parameters during radiation on these peroxide-
based energetic materials. A novel approach for the controlled energy delivery
to substances under investigation involves the application of coatings with pre-
defined absorption coefficients. This technique, coupled with the careful selec-
tion of laser parameters, enables the controlled local initiation of reaction in the
energetic material without reaching the threshold for mass combustion, thereby
avoiding detonation or deflagration. The experimental setup involves the laser
irradiation of defined quantities of graphite-coated TATP and HMTD, with the
subsequent laser processing being monitored using a sensitive microphone. This
set-up enables a detailed investigation of the physical phenomena that manifest
themselves during the interaction and thus contributes to the state of knowledge
about the safe handling and detection of these energetic materials.

6.1 Introduction

Triacetone triperoxide (TATP) and Hexamethylene triperoxide diamine (HMTD)
are highly dangerous explosives due to their extreme sensitivity to accidental
ignition and propensity for spontaneous detonation [1, 2]. Their acute sensitiv-
ity to accidental ignition and likelihood of spontaneous detonation make them
especially challenging to handle and detect safely [3, 4, 5, 6, 7]. The simplic-
ity of their synthesis and the accessibility of their reactants have made them ex-
plosives of choice among terrorist groups, posing significant challenges to civil
security [8, 9, 10, 11]. Unlike many explosives, TATP and HMTD lack metallic
elements and nitro groups, which complicates their detection through traditional
spectroscopic techniques [12]. Consequently, non-destructive detection methods,
especially those that do not require mechanical sampling, are preferred for iden-

tifying these materials. Techniques such as Raman spectroscopy, supported by
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laser technology, have achieved notable success in this area [13, 14]. Further-
more, approaches from the combination of microphone and the detection of ex-
plosives and vapours by means of acoustical spectroscopy have been tested and
have produced promising results [15, 16]. Furthermore, the exploration of laser
initiation of these explosives, aiming for a brief ignition time, has been a focus
of research [17]. However, the use of laser radiation for the local and controlled
initiation of energetic materials presents challenges, especially with primary ex-
plosives that have relatively low ignition thresholds and are likely to undergo
complete combustion [15]. The application of coatings in laser processing has
been studied to reduce the energy required for desired effects [18]. This approach
involves coating substances with materials that possess a significantly higher ab-
sorption coefficient than the explosives themselves. The goal is to identify laser
parameters and conditions that prevent the combustion of the entire explosive
mass, especially with highly sensitive substances, while simultaneously initiat-
ing non-critical quantities, such as individual crystals. In this study, TATP and
HMTD were synthesized and exposed to photonic radiation at power levels from
12.5mW to 100 mW. The effect of graphite coatings of varying thicknesses on
the processing and decomposition of these substances was investigated. Raman
spectroscopy assessed the purity of the substances, while a microphone served
as a reliable sensor for detecting partial conversions. This research aims to ex-
plore the behavior of TATP and HMTD under photonic irradiation, the impact of
graphite coating on their decomposition, and how these coatings facilitate partial

reactions at lower power levels.

6.2 Experimental

6.2.1 Synthesis of TATP

Caution. TATP is a strong explosive compound and requires experienced per-
sonnel. The synthesis was carried out according to Oxley et al. [19]. Hydrogen
peroxide at a concentration of 30 % was carefully added to a reaction vessel. The
vessel was then sealed with parafilm to prevent any contamination or evapora-
tion and placed in an ice bath to keep the reaction temperature low. Anhydrous

acetone was then added to the vessel containing the hydrogen peroxide solution.
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The components were stirred for at least 15 minutes to ensure good mixing. Con-
centrated sulphuric acid was then gradually added to the homogeneous solution.
The mixture was left undisturbed for 24 hours at a reduced temperature. The re-
action mixture was purified with methanol to remove DADP. The final product
was then rinsed with distilled water to remove any remaining impurities.

6.2.2 Synthesis of HMTD

Caution. HMTD is a strong explosive compound and requires experienced
personnel. For the synthesis, hexamine was added to an aqueous solution of
formaldehyde in an ice bath. Subsequently, a hydrogen peroxide solution was
gradually added. The reaction mixture was further treated by addition of citric
acid. Precipitation of HMTD was observed within two hours, a significant re-
duction from the 5-6 hours normally required in the absence of formaldehyde.
The reaction was allowed to run overnight while the temperature of the ice bath
gradually increased to room temperature. The crude HMTD product was iso-
lated by vacuum filtration, washed with distilled water to remove residual acid
and then washed methanol to facilitate drying. The product was dried at room
temperature [2, 20].

6.2.3 Sample Preparation

Ahead of conducting the experimental measurements, the prepared samples
were placed in a climate chamber and left undisturbed for a minimum duration
of 48 hours at a controlled relative humidity of 20 % and a temperature of 18 °C. In
the experimental setup, each specimen was placed into cylindrical metallic tubes
with a diameter of 2 mm. The tubes were filled to a height of 5mm and gently
pressed manually with a suitable metal rod, which corresponds to an approx-
imate sample mass of 10 mg. This type of sample preparation creates a surface
that is not microscopically planar, which can increase the variability of the results.
After filling, the samples were carefully sealed. For the preparation of coated
samples, a mono or bilayer graphite deposition was executed, ensuring the com-
plete drying of the initial layer prior to the application of the subsequent one. The

graphite layers were administered using an aerosolised delivery method, facili-
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tated by an airbrush apparatus positioned at a fixed distance of 10 cm from the
target, with a spray exposure time precisely controlled at 500 ms. The particle size
of the graphot was between 1 and 10 pm. Figure 6.1 shows specimens that have
been prepared exemplary. A is an uncoated sample, B is a single-coated sample
and C is a double-coated sample. In the following, samples are mostly labelled
with abbreviations. oG stands for uncoated, mG for single-coated and 2mG for
double-coated. The power and the consecutive number of the parameter set are
given below. For example, TATP_mg 50mW_2 is the second measurement of

single-coated TATP and a power of 50 mW.

6.2.4 Analytical methods

RAMAN

Samples were analysed for purity and the presence of by-products by Raman
spectroscopy using a First Defender R by Thermo Fischer. The measurements
were performed according to the standard operating procedures of the instru-
ment. The spectral data subsequently obtained were compared to the instru-

ment’s inbuilt chemical library and analysed for confirmation.

Microphone

During laser processing experiments, acoustic monitoring was carried out using
a MEMS microphone (ELV MEMS1). Output voltage was captured via a DAQ
card (Meilhaus Redlab FS 1208) set to a sampling 10 kHz.

Laser

For the experiments, the samples were irradiated with a laser contructed by
Laser Zentrum Hannover e.V.. The laser used is a pulsed neodymium-doped
yttrium aluminium doped laser (NdYAG). Its output wavelength is converted to
532 nm using a conversion crystal. The system has a maximum output power
of 5W and a pulse frequency of 2000Hz. Each burst consists of exactly 10
pulses with a single-pulse energy of 2.5m], with each pulse having a duration
of 10 nanoseconds. A converging lens with a focal length of 250 mm is integrated

into the system to refine and concentrate the optical power. A polarisation filter is
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Figure 6.1: Preparation and coating of TATP samples (magnification: 100x): A:
uncoated, B: single-coated, C: double-coated
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used to precisely adjust the laser power. The power was checked using a power
meter. The power fluctuations during adjustment are around + 1 mW. The optical
power and fluctuations were checked using a power meter in a time interval of
about 1 min. The regulation of the irradiation was precisely controlled with the
aid of a shutter programmed for an exposure time of 15 seconds per measurement

cycle.

6.2.5 Experiments

TATP and HMTD samples were investigated. These were each coated with
graphite a different number of times and irradiated with the laser at different
laser power and constant irradiation time. The basic influence of the graphite
coating was analysed in order to be able to make a comparison with inert and
explosive materials. As an organic reference material, sugar, also coated and un-
coated, was analysed in the same structure and with the same parameters. All
samples were irradiated with 12.5, 25, 50 and 100 mW for 15 s each at a distance
of about 20 mm from the focus. The focus was located behind the sample so that
the laser spot was defocused on the surface to a ratio of 500 um. With the ex-
ception of HMTD, all tests were repeated three times. A schematic sketch of the
structure is shown in Figure 6.2. Measurements with HMTD with two graphite
layers and power >= 50mW and TATP with power of 100 mW were omitted, as
this always led to complete combustion of the sample. Data acquisition was per-
formed using a DAQ card with a sampling 10 kHz, followed by moving average
and envelope smoothing which is explained in detail in 6.2.6.

6.2.6 Preprocessing

The preprocessing script for analogue microphone data involves cleaning the
data by subtracting the mean of the first 1000 points to remove baseline drift and
taking the absolute value to ensure all positive values [21]. An upper envelope
is created by applying a rolling maximum over 1000 points, which highlights the
data peaks and smooths short-term fluctuations. Subsequently, a rolling mean
is calculated over 100 points to further smooth the data, followed by downsam-

pling to reduce data size and emphasize overall trends. These steps ensure the
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Figure 6.2: Schematic sketch of the set-up - a: x-y stage, b: sample container,
c: sample container; sample, d: microphone, e: laser beam, f: converging lens,
g: shutter, h: laser system, i: sample container; coating (enlarged), k: sample
(enlarged)

data are clean, smooth, and ready for accurate analysis by reducing noise and

highlighting key features.

6.3 Results and Discussion

6.3.1 Raman Measurements

The spectra were acquired using the integrated software of the employed de-
vice and plotted against existing reference spectra. The spectra confirm that the
substances used are indeed TATP and HMTD, with no significant impurities or

competing products detected.

6.3.2 Microphone Measurements

The data recorded by the microphone are discussed below. The presented plots
are representative and illustrate the trends observed for each substance. The volt-

age output from the microphone was captured, and the following plots display
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measurements for each substance at a specific power level with all coating varia-
tions. To facilitate data analysis, pre-processing was conducted. Specifically, the
absolute values of the signals were utilized, as a significant signal can be identi-
fied at the start of each plot.

Data discussion

The following section presents and discusses the preprocessing voltage output
of the microphone from measurements with varying coating and power. Mea-
surements with HMTD with two graphite layers and power >= 50 mW and TATP
with power of 100 mW were omitted, as this always led to complete combustion
of the sample.
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Figure 6.3: Exemplary preprocessed microphone data of HMTD - 25mW - all
coatings

Figure 6.3 shows the test results for a laser power of 25 mW and all three coat-
ings as examples of HMTD measurements. At the beginning of each graph, a
strong high signal can be seen, caused by the first impact of the laserbeam on
the sample. This can be observed in all measurements and is generally stronger
the higher the laser power. For the measurement without graphite coating, the
microphone signal is around 0.8V (Figure 6.3). Subsequently, a low, noisy sig-

nal can be recognised, which indicates a low level of processing (interaction of
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the laserbeam and the investigated material). There is no significant variation in
intensity over time. The signal does not exceed 0.2V after the laser has been ap-
plied for the first time. The exemplary measurement of the single coated HMTD
sample shows a significantly stronger signal. The opening of the shutter can also
be recognised here, whereby the signal is around 1.5V. The signal then shows
some irregularities, with smaller peaks of up to 0.7 V. The peaks that occur are
presumably caused by smaller partial combustions in the sample, which do not
lead to complete combustion of the sample. It can be seen that the occurrence
of these peaks decreases with time. This can be caused by the removal of the
graphite layer or the pushing of the graphite particles into the depth of the explo-
sive sample. This trend continues in the measurements with a double graphite
layer. The first impact of the laser on the sample is also clearly visible here. This
is higher than in the other two measurements and is around 2.5 V. Here too, the
signal tends to be rather irregular, which indicates a partial decomposition of
the sample. One peak directly after opening the shutter and another at around
7 seconds are particularly noticeable. It can also be seen here that the occurrence
and intensity of these peaks decrease with time.
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Figure 6.4: Exemplary preprocessed microphone data of TATP - 50 mW - all coat-
ings

Figure 6.4 shows exemplary measurements with all three coatings at 50 mW
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for TATP. The measurement without graphite shows, with the exception of the
first impact of the laser, similar to HMTD, only very weak signals whose intensity
remains constant over time and does not exceed 0.2V. At the first impact of the
laser, the signal is about 0.5 V high. The data show that the sample is processed
without coating, but no significant partial conversion takes place. The measure-
ment shown with a graphite coating shows more irregular peaks, which could be
caused by partial conversions. The signals reach levels of up to 2 V. It can be seen
that the intensity decreases with time, which is presumably caused by removing
or pressing the graphite particles into the sample. If this is compared with the
double-coated sample, it is noticeable that the latter has very strong peaks in the
signal. The first impact of the laser is comparatively small in this measurement,
but this is not the rule for these parameters. The signals sometimes exceed the mi-
crophone’s dynamic range of 5 V. It is noticeable that the signal decreases sharply
and almost falls to the level of the single-coated sample. This is also due to the
removal of the graphite particles or the introduction of the graphite particles into
the sample, which increases the absorption.
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Figure 6.5: Exemplary preprocessed mikrophone data of combusted samples - 50
mW - double coated

Exemplary measurements for sugar with 50 mW with all coating variations

are shown in Figure 6.5. Looking at the measurement without graphite coating,
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the first impact of the laser on the sample with an amplitude of approximately
0.3V is clearly recognisable. Otherwise, this measurement shows little deflec-
tion, which indicates that the sample is not or only very slightly processed. The
signal does not exceed 0.1 V. If one compares the measurements with the sim-
ple graphite layer, significantly stronger signals can be seen. When the laser hits
the sample for the first time, the signal reaches over 2.5V. The subsequent sig-
nal curve shows many smaller peaks, which indicate processing. The peaks are
smaller than with the explosives, which is due to the fact that the decomposition
is not self-propagating and only small amounts of the sugar are decomposed. Itis
also noticeable that the signal intensities decrease with time, which indicates that
the graphite particles are being driven into the sample or removed. Compared to
the single-coated measurement, however, the signals are higher. When the laser
strikes the graphite layer, a signal of just under 4V is generated.
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Figure 6.6: Exemplary preprocessed mikrophone data of combusted samples - 50
mW - double coated

Figure 6.6 also shows some examples of data from samples where processing
via laser led to complete combustion of the sample. As these would falsify the
statistical analysis, these data were not taken into account. It is noticeable that
when a sample is combusted, this happens in most cases directly after opening

the shutter. This is probably due to the initially high amount of graphite which
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increases the formation of hot spots.
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Figure 6.7: Exemplary measurement for TATP, HMTD and sugar with single
graphite coating at 100 mW

If one compares the exemplary measurements of all three substances in Fig-
ure 6.7, you can see that all substances show a clear signal. It can be seen that
all samples also generate signals that exceed the dynamic range of the 5V mi-
crophone. Over time, it is noticeable that the signal decreases for all samples.
Compared to the other samples shown in this plot, the measurement of sugar
shows fewer and also smaller peaks above the signal, which are caused by the
decomposition of the sugar. The measurement with TATP shows high, narrow
peaks over the entire measurement, whereby their frequency decreases over time.
This is characteristic for measurements with TATP. It is also noticeable that a high
basic low level of the signals can be recognised at the beginning of the measure-
ment. This is due to partial redistribution of the material and a high availability
of graphite at the beginning of the measurement. The observable partial combus-
tion of the sample, as well as the general mechanism of decomposition, are prob-
ably triggered by hotspots, in which a graphite particle is heated by the strong
absorption of the laser radiation and initiates the decomposition [22, 23, 24]. If
this behaviour is compared with that of the HMTD sample, a high baseline of
the signal can be seen here, particularly at the start of processing. This decreases
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in the course of the measurement. In contrast to TATP, HMTD shows a stronger
accumulation of peaks during the measurement. It appears that the partial reac-
tions are more intense here at the same laser power. This is also consistent with
the observations that HMTD tends to react faster in the double-coated samples.
In general, the microphone signal of the measurements with HMTD is not signif-
icantly higher than that of TATP, which may indicate that HMTD tends to react
more strongly once a hotspot is created.

Statistical Evaluation

In order to quantitatively analyze the data of the measurements, the data of all
measurements with the same parameters (i.e. sample, reading and coating) were
integrated and averaged over the groups. In the following, the data are shown in
bar plots. Each plot represents the data of a substance at all powers and different
coatings. The standard deviation is shown as an error bar.

Figure 6.8 shows the extracted integrals of the microphone data of all HMTD
measurements. Looking at the mean values of the integrals over the different
powers (Figure 6.8), it is clear to see that the amount of noise emissions gener-
ated by processing and partial decomposition increases with number of graphite
layers applied. The uncoated sample shows a slight increase in the integral, with
values increasing from 0.12 Vs at 12.5 mW to 0.31 Vs at 100 mW. It can be assumed
that the values observed are dependent on the laser power. This is also shown by
the HMTD measurements with a graphite layer. Here the values increase from
0.17 Vs at 12.5mW to 1.42 Vs at 100mW, too. Such an increase can also be seen
in the measurements with two layers of graphite. The values here are approxi-
mately 0.19 Vs at 12.5mW to 0.60 Vs at 25 mW. For future investigations, it could
be determined whether there is an acoustic threshold above which a sample tends
towards complete combustion.

Looking at the data situation for TATP (Figure 6.9), the picture is similar. Here,
too, it is clear that the noise emissions increase with increasing power. The values
0.09 Vs at 12.5 mW rise to 0.35Vs at 100mW. It is noticeable that the values for
TATP in the section are more power-dependent than those of the HMTD. This
trend is also confirmed in the measurements with a single graphite layer. These
range from 0.24Vs at 12.5mW to 2.04 Vs at 100mW, which is higher than the
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Figure 6.8: Integral of the microphone signal of the HMTD measurements aver-
aged over all measurements with all coating types

value for HTMD. Looking at the plots for double coated samples, it can be seen
that these are at 0.19 Vs at 12.5 mW and increase to 1.66 Vs at 50 mW. Again, this
confirms the trend that the dependence of noise emissions on conductivity in-
creases with increasing coating thickness. It is striking that the values of the
single-coated samples at 12.5 and 25mW are higher than those of the double-
coated samples.

Looking at the statistically analysed data for sugar (Figure 6.10), there are dif-
ferences to those for explosives. Basically, it can also be recognised here that the
noise emissions increase with increasing laser power, but this is not as clear as
with the explosives. For example, the emission of uncoated samples increases
from 0.023 Vs at 12.5mW to 0.045 Vs at 25 mW, but no further increase can be ob-
served thereafter. However, both the single-coated sample and the double-coated
sample with graphite show an increase. The values for single-coated samples and
12.5 mW range from 0.17 Vs to 1.4 Vs at 100 mW. What is striking about this sub-
stance is that the integrals of the signals for the single-coated sample are higher
than those of the double-coated sample for three out of four lines. However, the
differences are small compared to the differences between the single and double

coated samples for the explosives, as can be seen from the standard deviations in
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Figure 6.9: Integral of the microphone signal of the TATP measurements aver-
aged over all measurements with all coating types

the plots (TATP in Figure 6.9 and HMTD in Figure 6.8). The reason for this could
be that the amount of graphite is relatively large and is not thrown out of the hole
by smaller amounts, as could be the case with the explosives.

Optical Evaluation

igure 6.11 shows a single-coated TATP sample after treatment with 50 mW. The
focus point of the laser is marked with a red cross. It can be seen that the process-
ing has created a cavity. This has a diameter of about 600 um. This is significantly
larger than the beam diameter in the area where the laser hits the sample. The
reason for this is that gas is produced during the processing of the sample, which
flows out through the drill hole. This effect is intensified by the occurrence of
small partial reactions that take place in explosives under laser irradiation. This
observation is consistent with the fact that the intensity of the treatment decreases

over time and that graphite is lost due to the partial over-expansion of the sample.
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Figure 6.10: Integral of the microphone signal of the sugar measurements aver-
aged over all measurements with all coating types

6.4 Conclusion and Outlook

In this work we have analysed the behaviour of energetic materials under pho-
tonic irradiation. In experiments, HMTD, TATP and sugar with one, two and no
graphite coatings were processed with a pulsed laser system at different power
levels. The resulting acoustic signals were recorded and analysed using a MEMS
microphone. On the one hand, the data show that the processing noise increases
as expected with increasing power; this is basically independent of the material.
It is noticeable that the increase in noise emissions as a function of power is de-
pendent on the coating, particularly in the case of explosives. The processing
noise per power increases the least without coating and the most with two coat-
ings. The results suggest that the graphite particles increase the absorption of
light and thus the energy absorption of the particles. This leads to an increase in
the formation of hotspots [22, 23]. This in turn leads to partial conversion, which
does not result in complete combustion of the sample, at least up to a certain
value. The final threshold for HMTD is lower than that for TATP, which may in-
dicate that HMTD, once initiated, is more likely to result in complete combustion
than TATP. One reason for this could be the higher total specific energy release of
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Figure 6.11: Processed single-coated TATP sample ,the focus point of the laser is
marked with a red cross
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HMTD, which favours a continuation of the reaction. This is 2.80 kJ /g for TATP
and 5.08 kJ /g for HMTD [25].

Another reason for this could be that different non-graphitized substances ab-
sorb light of different wavelengths to different degrees. In experiments with other
wavelengths, the values could vary. The nature of the sample also plays a role.
The reaction behaviour can vary due to grain sizes and geometries [23]. In the
case of sugar, the influence of the graphite layer is significantly less. In particular,
there is hardly any difference between single and double coating. It is also no-
ticeable that the graphite is removed or particles are pushed into the sample over
time. Another possibility is that the graphite is oxidised by the high energy in-
put. This reduces the absorption of light over time and the colouration decreases.
In particular, there is hardly any difference between single and double coating,
the reason for this could be that with a layer of graphite there is already a kind of
saturated layer. This means that the particles do not react so violently and also do
not self-propagate, which means that fewer particles are transported away from
the reaction zone, although some particles are still driven into the sample. One
factor that can significantly influence the results is the quality of the layers. For
the series of measurements carried out, the quality of the layers was checked un-
der a microscope, and the results can vary due to irregularities and defects, as the
surface of the samples is not completely flat despite pressing.

To summarize, the coating of samples combined with laser processing offers a
method for decomposing or partially converting explosives in a more controlled
manner and at lower power levels. Possibilities include both the targeted de-
composition of substances and the transfer of decomposition products into the
gas phase, as well as individual particles of the substance, and subsequent sam-
pling for rapid identification of the substances. For future measurements, the
substances should first be better characterised regarding particle size. A further
step is to visualise the absolute optical sensitivities of the substances.

6.5 Data Availability Statement

The data that support the findings of this study are available from the correspond-

ing author upon reasonable request.
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Abstract: Unattended luggage or containers in public areas such as railway sta-
tions and buildings, like airports, may trigger bomb disposal operations. While
these instances frequently involve harmless forgotten bags, they can also signal
the presence of unconventional explosive and incendiary devices, which may
include chemical, biological, radiological, nuclear, and explosive (CBRNe) ele-
ments. Research aspects of this work include the development of a mobile laser
cutting system (LCS) to enhance the capabilities of police bomb disposal units
in neutralising improvised explosive devices (IEDs) and forensic evidence collec-
tion, thereby improving the safety of the public and defusing experts. This paper
presents the results of the development of a breakthrough detection system us-
ing an appropriate sensor technology. Parameters are determined by means of
sensory monitoring to cut through various materials without interacting with the
layer behind them. The investigation includes real cutting tests with the mobile
laser cutting system (LCS) on various materials. The results show that sensor-
based breakthrough detection is feasible for the laser cutting of IED-relevant ob-

jects.

7.1 Introduction

Objects with suspected hazardous substances, often concealed in everyday ob-
jects such as luggage or boxes in public places, pose a significant security threat.
At best, these items are simply misplaced personal effects; however, in more seri-
ous cases, they may contain sophisticated explosive mechanisms, potentially en-
riched with CBRNe elements. These represent a particular challenge as they are
often stored in opaque and containers difficult to penetrate such as backpacks,
suitcases and parcels. Traditional methods of assessing and neutralising these
threats often require direct physical contact, which carries risks. To mitigate these
risks, remote handling technologies are favoured that prioritise security while at-
tempting to preserve forensic evidence. Many systems have already been devel-
oped to capture images of the shape and content of suspicious objects, such as
X-ray based technologies [1, 2, 3, 4, 5, 6, 7].

One of the most common techniques currently used to open suspicious items

is manual opening by Explosive Ordnance Disposal (EOD) technicians protected

108



by bomb disposal suits. [8, 9, 10]. Instead of suspicious objects being opened
manually by an EOD technician, mechanical devices are used. Water jet systems
are used for bomb disposal, where pressurised liquids are used to cut materials
suitable for cutting large-calibre unexploded ordnance. The disadvantage of this
technology can be the destruction of evidence inside the package or even a release
of CBRNe substances due to the high forces at work [11, 12, 13, 14].

Laser processing methods for EOD applications have also been reported [15,
16]. These methods were developed to neutralize unexploded ordnance, but are
not suitable for safely opening an improvised explosive device (IED), especially
for complex objects made of different materials to access their contents. In gen-
eral, no laser cutting methods have been found in research that have extracted
substances from laser processing. However, the device to develop is important
for opening objects with an IED to prevent laser energy coupling in the next layer.

Laser machining is an advanced and highly precise material processing tech-
nique that utilizes focused laser beams to remove material through melting, va-
porization, or ablation. This method is favored in industries requiring intri-
cate detailing and minimal thermal impact on the surrounding material. Pulsed
lasers, such as Nd:YAG and CO; lasers, are particularly advantageous due to
their ability to deliver high peak power in short bursts, which reduces the heat-
affected zone and minimizes thermal damage [17, 18, 19]. These properties make
pulsed lasers suitable for micro-machining, drilling, and cutting complex pro-
files in materials like ceramics, metals, and polymers. For example, in the laser
drilling process described in [20], a pulsed laser is used to create high-precision
boreholes, where the short pulse duration allows for controlled energy input and
efficient material removal. Additionally, innovations such as the use of a jet noz-
zle to remove molten material during the laser drilling process further enhance
the quality of machining by preventing recasting and ensuring clean cuts [21].
These advantages have led to the widespread adoption of pulsed laser machin-
ing in various high-precision applications, including aerospace and medical de-
vice manufacturing [22, 21, 23].

In laser machining, real-time process monitoring is essential for maintaining
quality and precision, especially in applications where tolerances are tight and
material integrity is crucial. Sensory monitoring systems are integrated into laser

machining setups to track key parameters such as laser power, focus position,
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and material removal rates. For instance, the use of acoustic sensors to monitor
the noise generated during laser ablation provides critical feedback that can be
used to adjust the process in real-time, ensuring consistent quality and prevent-
ing defects. In the study detailed in the investigation on acoustic monitoring, it
was found that analyzing the acoustic signals produced during laser ablation can
effectively differentiate between different material layers, such as distinguishing
between necrotic and vital tissue in medical applications [21]. Moreover, the inte-
gration of advanced sensor systems, as outlined in [22], allows for precise control
over the laser machining process, improving safety and efficiency by enabling
automated adjustments to the cutting parameters based on real-time feedback.
These developments underscore the importance of sensory monitoring in en-
hancing the capabilities of laser machining systems, ensuring high precision and
safety across various industrial and medical applications [20, 24, 25].

This work addresses these challenges by developing a laser cutting system
capable of remotely opening IED-containing containers without destroying a po-
tential explosive charge or similar. The cutting scenario is to be understood as fol-
lows. In the first step, an X-ray image of the suspected object (e.g. suitcase) would
be taken to identify the dangerous load in the object. The LCS is then placed on
the object and a test cut is made at a non-hazardous location to feed process data
to the system preparing the aimed cutting. After this test cut and checking all the
necessary parameters, the LCS is placed in the correct position and the outer ma-
terial (here: suitcase) is cut. Once the material has been removed, the IED can be
treated appropriately using the LCS (defusing or sampling) or other equipment.
The required system must integrate advanced sensor technology that monitors
and controls the cutting process in real time. This technology must ensure pre-
cise thermal management to minimize the risk of accidental ignition or detona-
tion of the explosives inside. The laser system must be designed so that it can
be mounted to robotic manipulators or modular positioning systems. This will
allow defusing teams to work from a safe distance and minimize the risk to per-
sonnel. This paper presents the development of the sensory monitoring of laser

cutting.
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7.2 Experimental

7.2.1 Setup

At the beginning of the research work, an attempt was made to carry out initial
cutting tests in order to generate specifications for the laser system. Initial tests
were also carried out on enclosed and open samples containing explosives. Fig-
ure 7.1 shows the setup used for the first series of measurements (in the following
LST).

Figure 7.1: Schematic setup of the laser system used for preliminary experiments:
1. laser, 2. parabolic mirror, 3. optical fiber, 4. spectrometer, 5. lens, 6. xy table
(z manual), 7. sample chamber, 8. sample holder, 9. sample, 10. exhaust air,
11. physical sensors, 12. chemical sensors, 13. beam splitter with breakthrough
diode, 14. power meter, 15. solar cell

The pulsed neodymium-doped yttrium aluminium garnet (Nd:YAG) laser
was initially used for the investigations into laser cutting and performance pa-
rameters. This laser emits nanosecond pulses at three different wavelengths
(1064 nm, 532nm, 355nm) and offers the possibility of infinitely variable regu-
lation of individual pulse energies. The Nd:YAG-laser has a maximum output
power of 3W at 532 nm and a pulse frequency of 2000 Hz. Each burst consists of
exactly 10 pulses with a single-pulse energy of 1.5m], with each pulse having a

duration of 10 ns.
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To refine and concentrate the optical power, a converging lens with a focal
length of 250 mm is integrated into the system. Additionally, a polarization fil-
ter is used to precisely adjust the laser power. The power was monitored using
a power meter, and power fluctuations during adjustment were around + 1 mW.
These meticulous adjustments ensured the precision and safety necessary for pro-
cessing the relevant explosive materials.

The experimental series included investigations into the influence of laser flu-
ence on the machinability and penetration duration when cutting various prede-
tined, practically relevant materials. The cutting process was realised by repeat-
edly moving the sample being hit by the laser beam on a defined linear trajectory
(tigure 7.2).

b g

I/c d e f
a | A

Figure 7.2: Stationary laser system (LS I); a: xy-table, b. Sample, c. Focus point,
d. Laser beam, e. focusing lens, f. shutter, g. laser system

After determining the relevant parameters, a new laser cutting system was
used (in the following LS II). After merging it with the sensors and integrating it
into the overall system. The structure looked as showed in figure 7.3.

This system allowed a flexible positioning of the laser beam via a galvanome-
ter scanner as well as precise focus tracking and focusing to change the laser spot
area using a motorized focus control. The system had a maximum pulse energy
of 5m] for a wavelength of 515 nm. Additionally, it was possible to use the wave-
length of 1030 nm after replacing wavelength-dependent optical elements.

At this stage, the adjustment of the laser pulse energy and the position of the
focal plane was still done manually or with the help of preliminary operator soft-
ware. The integration of a spectrometer to capture radiation in the UV and visible
wavelength ranges was achieved by coupling it via an optical fiber with the opti-
cal setup and beam path of LS II. This setup allowed for the detection of reflected

and emitted light from the processing zone. Figure 7.4 shows the interior of the
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Figure 7.3: Sketch of the final mobile laser cutting system; 1. support and posi-
tioning system in the form of a mobile stand with swivelling spring arm device,
2. laser system, 3. sensor tube
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laser head, featuring a motorised power adjustment (1), motorised focus tracking
(2), a laser switch/shutter (3), a fibre connection to the spectrometer (4), a camera
with a filter for topography scanning and positioning aid (5), an f-theta lens (6),
a galvanoscanner (7), and a laser diode (laser class 2) (8). Throughout the project,
and in preparation for hardware integration, additional components were added
or replaced to facilitate easier handling and control of LS II.

Figure 7.4: Interior of the laser system: 1. motorised power adjustment, 2. mo-
torised focus tracking, 3. Laser switch / shutter, 4. fibre connection to spectrom-
eter, 5. camera + filter for topography scan and positioning aid, 6. f-theta lens, 7.
galvanoscanner, 8. laser diode (laser class 2)
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Topography Scan

The new LCS was also equipped with a topography scan unit. This system op-
erates by projecting a lase r (safe for the human eye) onto the object’s surface,
while the reflected light is captured. By analyzing the distortions in the projected
pattern, the system calculates the precise 3D geometry of the surface, creating a
detailed topographical map. The focus point can then be adjusted automatically
to follow the surface contour based on the acquired data.

Explosives

A specially designed sample holder was used for measurements with explosives.
The explosive, in this test series triacetone triperoxide (TATP), was fixed in a
cylindrical plastic container, which was placed inside a metal cylinder. The rea-
son for selecting TATP was to test an explosive that was as sensitive as possible
and hazardous (typical terrorist explosive) in order to identify critical parameters
for processing. The sample holder was covered with a plastic plate (5) to simulate
packaging of an IED. The material to be processed was placed so that it was di-
rectly exposed to the laser beam (figure 7.5). The Figure shows shows a schematic
representation of the sample holder used for measurements on explosives, con-
sisting of a bracket (1), a sleeve (2), the explosive (3), a PU hose (4), a polystyrene
(PS) cover (5), and cardboard (6).

Figure 7.5: Schematic representation of the sample holder for measurements on
explosives; 1. bracket, 2. sleeve, 3. explosive, 4. PU hose, 5. Polystyrene (PS)
cover, 6. cardboard
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7.2.2 Sensors

Sensory processing monitoring in laser cutting involves various sensors and the
integration of a laser sensing system to assist operators in aligning with objects,
visualizing the cutting process and overall operation. Our work has focused on
integrating the laser system into the sensor setup, aiming to monitor and optimize
the laser cutting process.

To achieve this, different sensor techniques were investigated and evaluated
for monitoring critical process parameters. We developed a sensor system de-
signed as a tube equipped with various sensors to shield against scattered radi-
ation from the laser interaction zone and to extract harmful gases and particles.
This sensor system includes (figure 7.6). Microphones, UV- and VIS-diodes are
mounted are arranged several times to get a good all-round view, but are not all
labelled:

¢ Two microphones (4) for sound evaluation. During laser processing exper-
iments, acoustic monitoring was carried out using two MEMS microphones
(ELV MEMS1).

* Broadband and UV photodiodes (2) for detecting generated and scattered
radiation. The diodes were positioned differently to the spectrometer (sec-
tion monitoring) and had a higher sampling rate and were purchased from
the manufacturer Roithner LaserTechnik GmbH. Some were used for the
UV range (330-445 nm), the laser wavelength (515 nm) and the visible wave-
length range.

* Various metal oxide gas sensors (not displayed) for assessing changes in
gas composition. Semiconductor gas sensors from the manufacturer UST
Umweltsensortechnik GmbH (1000 and 3000 series) were used to monitor

the environmental (as reference) and process gases.

* A spectrometer (not displayed) from Ocean Optics (HR series) for analyz-
ing emitted radiation within the UV/VIS spectral range. In-line measure-
ments were carried out and the backscattered light was decoupled via a

beam splitter (figure 7.4).
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* An infrared camera (1) to assess heat development in the cutting zone,
which is critical due to the material’s thermal conductivity. The IR cam-
era (optris Xi-series) was used to monitor temperature development on the
cutting trajectory taking especially the hottest spot (of the laser machining
process) into account. This allowed the cutting process to be followed live.
In addition, the data and information obtained could be subsequently as-
signed to the process.

This comprehensive sensor system enhances the monitoring and control of
the laser cutting process, ensuring efficiency and safety.

Figure 7.6: Interior view of the tube with a view of the sensor ring, the mentioned
sensors are selected as examples: 1. IR camera, 2. UV-diode, 3. f-theta lens of the
LCS, 4. microphone

7.3 Results

The experiments and results obtained are presented below. At this point it is
important to consider possible laser cutting systems and sensors as well as the
necessary interfaces for realisation in a mobile laser cutting system, taking into
account the current state of science and technology as well as laser safety regula-

tions.
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7.3.1 Objective

The overall aim of the work is to optimise and control the laser cutting process
with suitable parameters and to equip the LCS with relevant sensor technology in
such a way that the cutting of different materials and stopping of the cutting pro-
cess at a suitable point (avoiding initiation of the explosive charge) is achieved.
In this chapter the focus will be on the presentation of the results of the ex-
periments to generate suitable cutting parameters to enable cutting of relevant
materials / objects and identification of relevant sensors and process monitoring
/ cutting detection. Relevant materials and containers were selected with the

involvement of the end user.

7.3.2 Determination of the Laser Parameters for the Laser Sys-

tem

The aim of these experiments was to determine the required performance char-
acteristics of a laser cutting system concerning laser parameters, beam guidance,
cutting system, process gas guidance, and material extraction for processing ex-
plosives. These determinations were made through investigations using LS I.

It was observed that many materials could already be processed with the ex-
isting laser system, although limitations were reached, particularly with poorly
absorbing materials and thicker metals. Experiments to determine material-
specific plasma thresholds identified the laser fluence at which plasma emissions
could be detected at the process site. Exceeding this threshold resulted in initial
material removal, indicating the commencement of the cutting process. It was
found that for processing relevant materials in an adequate time, especially those
poorly absorbing ones, higher fluences around 40]/cm? were necessary (figure
7.7). This value was considered the minimum necessary fluence, which, how-
ever, did not achieve sufficient material removal for the given scenario.

Measurements with explosives indicated that the safe laser parameters for
drilling processes in packaging containing explosives, as determined in previous
projects. The LAGEF project could not be transferred to laser cutting processes
due to insufficient fluence, which leads to a too long procedure [26]. TATP was

used as the energetic material in the experiments with explosives.
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Figure 7.7: Energy thresholds beyond which the listed materials undergo pro-
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Explosives specifically mixed with highly light-absorbing particles posed an
a additional challenge. This necessitated defining a limited time window for the
laser cutting process, within which the process should be terminated after pene-
trating the material thickness, without affecting the next material layer.

Requirements of the System

The results of the measurements led to the following requirements and proper-
ties of the new laser system for the LCS (LS II): The laser system should be a
fibre-pumped solid-state laser with pulse durations in the nanosecond range (3-
10ns). The wavelength should be in the green spectral range (515 to 532 nm) with
an optional switchable mode to the NIR range (1030 to 1064 nm), achievable, for
example, via a folding mirror in the system. The individual pulse energy should
be at least 5-10 m] in the green spectral range and 10-20 m] in the NIR range, with
continuous attenuation possible down to a minimum of 0.05 m]J. The attenuation
and radiation emission (on/off) must be controllable via a corresponding inter-
face. The repetition rate must also be variably controllable, with a minimum of
500 Hz and a preference for 2kHz. The beam quality must have an M? value
of less than 3. The fluence required for processing a variety of materials should
be greater than 80]J/cm?2. The laser system should be operable with a standard
230V AC connection, whilst being designed in a compact way and capable of

being integrated in the whole system.

7.3.3 Development of the Laser System

Essential for the future use of the LCS is the monitoring of the cutting pro-
cess through online evaluation of sensor data, enabling feedback on the process
progress. Initial investigations on a test stand using an existing laser system ex-
amined various sensor principles (optical, spectroscopic, acoustic, chemical) to
monitor relevant materials, including those with explosives.

These studies provided insights into evaluating reflected laser radiation, emit-
ted radiation during processing, sound development, and resulting reaction
products. The aim was to determine their suitability and develop potential eval-
uation algorithms for intelligent control and automation of the cutting process.

This enabled the acquisition of information regarding material classification, ma-
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terial breakthroughs, cutting progress, and material changes, which in turn al-
lows for the selection and adjustment of power parameters and selective process-
ing.

In addition to evaluating different sensor concepts, a programme for data
recording, storage, and analysis was developed. As a result, a sensor system
for the LCS was developed, designed as a tube equipped with various sensors.
In addition to the other existing sensors an infrared camera was installed to as-
sess heat development in the cutting zone, as the material’s thermal conductivity
significantly impacts cutting efficiency. Given the planned direct coupling of the
tube with the LCS, the optimal placement of the sensors (see figure 7.8) and the

camera was developed.

Figure 7.8: Implemented sensor tube with air extraction

System Tests - Laser Cuts in Test Surfaces and Objects

This section provides information on the actual cutting of various test materials.
Due to the fact that different cutting geometries and sizes may be required,
the standard test cut (polystyrene, 4 W, 40 mm/s) was converted and cut to other

and larger cutting geometries. The values for larger diameters were calculated
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using the test cuts of 2cm circular geometries with standard parameters. The
tirst breakthroughs occurred in the test cut after 60s and the cut sample fell off
after 70s. This results in breakthrough times of 150s for a 5cm circle and the
average should occur after 175s.

Figure 7.9 presents an example of sensor data during the laser cutting of suit-
case material (LS II). In this case only microphone data is shown and the solar cell
data as reference. The plot on the left shows the microphone and solar cell data
of a 2cm cut of polystyrene (one cycle : 1,57 s) and the plot on the right shows a
5 cm circular cut of the same material at an offset position (one cycle: 3,93 s). The
two microphones capture signal curves that represent the laser cutting process
and the material’s circular cut-out over time. The signal curve from microphone
2 reveals three phases: initial laser entry into the surface, the cutting phase within
the material and the final penetration phase. The solar cell, functioning as the ref-
erence sensor, detects laser light passing through the material. Although all other

sensors produce similar patterns, they vary in their temporal resolutions.
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Figure 7.9: Microphone and solar cell data of exemplary 2 cm and 5 cm cuts of

PS; Micl: Microphone is placed inside the sensor tube, Mic2: is placed outside
the sensor tube, the solar cell is located below the sample to be cut
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In the left-hand plot, the solar cell data show that the first breakthrough
through the material occurs after about 75s (increase in the solar cell signal). In
addition, the actual cut through (material is cut by the interaction with the laser
beam, the laser beam hits the solar cell permanently) of the material takes place
after 91s, which can be read from the bending of the microphone signal in com-
bination with the solar cell data. Assuming a linearly transferable cut, the events
of the cut on the larger circle should occur 188s (grey line) and 228 s (black line).
However, the data shows that the first breakthrough is around 210s and the cut
through is at almost 250 s.

Because repeating experiments showed similar results, investigations were
carried out with regard to laser power and laser beam profile. The beam profile
image showed the following profile at different z-axis shifts (0cm and 2.5cm)
(7.10).

Figure 7.10: Beam profile measurement of the laser beam of the LCS; shift in
focus: left: 0 cm, right: 2.5cm

The images show an oval-shaped profile with a further widening when the fo-
cal position is shifted, mainly caused by the profile shape in combination with the
selected cutting parameters. The laser spot geometry caused one axis to irradiate
more than the other. As a pulsed laser system was used, the individual pulses
overlapped more frequently on one side, which resulted in a stronger treatment
of individual areas (figure 7.11).

As already mentioned, sensors such as photodiodes, microphones and others
were used to develop and control the cutting process. The following illustration
(figure 7.12) shows the sensor data development of an exemplary cut. Plotted

are recorded data using photodiodes and solar cells (reference sensor) against
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Figure 7.11: Schematic representation of the overlapping of individual laser
pulses; the green circle represents the scan trajectory and the blue shapes the
laser pulses

time, around 25 s corresponding to one scan. The first breakthroughs can be seen
after 30s (grey line; 2nd scan). It can be observed that after an increase in break-
throughs, the material is cut after about 50's (black line). The cut sample falls off
after approx. 78s (green line). The sensor data of the diodes DPFOC, DP2 and
DP3 show an increase contrary to the periodicity of the previous course (DPFOC
and the DP series are abbreviations for photodiodes). The drop in the intensity
of the solar cell (between the red dotted lines) can be explained by the fact that
at this point the laser beam hits again on the sample, which has already fallen off
but is in the beam path (under the clamped cut sample; above the solar cell). This

interrupts the contact of the laser beam with the solar cell in this area.

The IR camera and the spectrometer were used intensively in the develop-
ment of early breakthrough detection. The spectrum shown in Figure 7.13 is
from a laser cutting test on black PS. The sample was cut with a laser power
of 5W and the spectra were integrated over 100 ms. It can be clearly seen that the
light backscattered from the sample has a relatively high intensity. The recorded
intensity at 515nm originates from the laser beam and is not completely filtered
out. Approximately 5-10nm is missing to the right and left of the laser signal.
This is due to the fact that a 515nm-notch filter was used to prevent too much

light from entering the spectrometer directly.

Figure 7.14 shows an example of data acquisition with an IR camera. This is
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exemplary section; grey line: first breakthroughs, black line: cut through, green
line: material falls off
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Figure 7.13: Spectrum of black PS during a cutting test; the grey arrow shows the
wavelength of the laser; laser power: 5W, integration time: 100 ms

also a circular section of 2 cm on PS. The highest temperature in the measurement
tield (hotspot temperature) was plotted and the data from the solar cell was used
as a reference sensor (the blue line displays the moving average of the data). The
data show that the temperature in the material rises with increasing processing
until it firstly stagnates. The hotspot temperature begins to scatter from around
20s onwards. This can be explained by the higher energy input and the higher
sum after a certain time in the material. Another reason could be the further
penetration into the material and the uneven distribution of energy. The first
breakthroughs through the material are difficult to recognise with the IR camera
alone. In the range of 70 to 78s, the material buckles (the hotspot temperature
drops). After approx. 78s, the material collapses. The increase in the hotspot

temperature is also due to the laser beam hitting the collapsed material again.

Figure 7.15 shows a stacked plot of the sensor data from a cutting test on
real suitcase material. A laser power of 4W and a cutting speed of 40 mm/s was
used. This figure shows the sensor responses of the two microphones, the hotspot
temperature, the integral of the recorded spectra over the measurement time, the

solar cell voltage and the intensitiy of the wavelength of 515 nm (indicator for the
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solar cell data
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laser power). At this point, an attempt was made to use a threshold value (red
line in the figure on the microphone data) to identify the termination point of the
cutting process before processing of the materials/objects behind can take place.
It can therefore be recommended that the cutting process should be terminated
if the measured voltage falls below the specified value. As shown in the figure,
the relevant microphone level falls below after around 65s. A detailed analysis
of the data progression shows that the first breakthroughs occur from this point
onwards (area marked in green in the figure). In the further course, the material
is cut through (yellow area in the figure). The laser power was also measured
in order to be able to trace and guarantee power-specific events and a uniform
progression.

With the aim of developing a complete breakthrough detection system, a Lab-
View programme was written for live monitoring of the cutting process. The
programme provides a visual representation of the cutting process based on the
sensor responses. In this way, the cutting process can be monitored. Figure 7.16
shows an example of the programme output. In the software-generated illustra-
tion, the breakthroughs are visible as green points on a circular trajectory. Nearly
identical breakthroughs can be seen on the real sample (right hand side - light be-
hind sample demonstrates cut through parts) in comparison to the breakthrough
detection programme output. The breakthrough detection measures the heating
and the processing intensity of the points on the cutting trajectory. on the one
hand, the data from the spectrometer is used, which is well suited for break-
through detection due to its high spatial resolution. In addition, the microphone
data of the inner microphone is used and the spatial resolution is calculated us-
ing the spectrometer. This data can be used to calculate the extent to which a
point has been affected on the trajectory. Furthermore, if one of the signals breaks
away at a certain point, it can be determined whether material is no longer being
processed, as the laser does not hit material in the focus.

Various materials such as plastic sheets, metal plates, glass, and an aluminum
can contaminated with trace amounts of explosive residue were processed, along
with combinations of these materials. The topography scan was tested on angled
plastic samples to evaluate its functionality. The majority of tested materials were
successfully cut using the LCS, with the cut material being removable. Organic

and non-transparent materials, such as black polystyrene, were particularly effec-
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Figure 7.16: Software-generated view of a cutting process (left) and a real cutting
sample (right)

tively cut in a controlled manner (sensor-monitored with laser breakthrough de-
tection). Thinner aluminum plates were also cuttable after prolonged, consistent
laser exposure. However, cutting thicker metals (>1 mm) had to be discontinued
due to insufficient ablation. This was attributed to both the low fluence (inade-
quate focusing) and the high thermal conductivity and melting behavior of the
metals (re-melting of the processed areas). Unfortunately, a detailed investigation
could not be performed. Nonetheless, it can be concluded that the cutting quality
for a range of materials was good and comparable across the experimental series

(see figure 7.17).

To automate this process, topography measurement and focus plane tracking
are necessary. In this procedure, the surface of the sample to be processed is
illuminated with a laser diode before the actual cutting attempt, while a camera
captures the reflected laser radiation. The surface information is then computed
using software developed by a project partner and subsequently combined with
the predetermined cutting trajectory. Consequently, the laser focus was adjusted
to the sample’s topography during the cutting process, automatically fine-tuning
the focus. An example of this functionality is shown in figure 7.18.

Furthermore, experiments were conducted to detect explosives on surfaces
post-laser cutting. The surface of the sample (plastic, aluminum) to be cut was
contaminated with a defined amount of explosive (1,3,5-Trinitroperhydro-1,3,5-
triazine - RDX). The RDX contained in the solvent was dripped onto the object to
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Figure 7.17: Cut samples with respective breakthrough times; from top to bottom:
leather case, plastic case, textile bag with zip fastener

be cut and waited until the solvent had evaporated. For this purpose, the sample
containing the explosive was clamped in the beam path of the laser beam. The
cut was performed with the known parameters. After completing the cutting
process, a sampling strip for a mobile ion mobility spectrometer (IMS) was used
to wipe the object’s surface, and the detectability of the explosive was assessed.
The IMS was able to detect explosive amounts greater than 10 ng.

7.4 Summary and Conclusion

This work aimed to develop and test a mobile laser cutting system with sensor-
based control for use on explosive objects. The project spanned several phases,
each addressing specific components and goals necessary for the realization of
this system. In the initial phase, system specifications and conditions were de-
fined. This involved comprehensive state-of-the-art analyses and the identifi-
cation of system requirements, possible laser and cutting systems, necessary
sensors, overall system architecture, and adherence to laser safety regulations.

Subsequently, the project focused on determining the laser parameters and ac-
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quiring and installing the system. Various laser parameters were tested using
a frequency-converted Nd:YAG laser to establish the performance characteris-
tics required for cutting relevant materials, including materials with explosives.
These tests determined essential attributes such as laser fluence, wavelength,
pulse energy, and repetition rates. Based on these findings, a tailored laser system
was specified. The development of subsystems was the next crucial step, which
included sensing and cutting monitoring. Key developments included creating
a sensor-equipped tube for monitoring and gas extraction, which was essential
for capturing and analyzing cutting process data in real-time. The integration of
these subsystems with the laser cutting system was a significant milestone, en-
suring comprehensive control and safety. System tests and optimization were
conducted to refine the demonstrator’s performance. These tests involved cut-
ting various materials, including plastics, metals, and composites, to evaluate
the system’s effectiveness. While initial tests showed promising results, further
optimization was necessary. The system demonstrated significant potential for
safe and effective cutting of explosive containing objects. The final phase focused
on testing and evaluating the system’s performance under real-world conditions.
The investigations provided valuable insights and established a solid foundation
for future advancements in this field. Further efforts are ongoing to secure fund-
ing for continued development and real-world testing to realize the system’s full
potential.

The cuttability of various materials using a nanosecond-pulsed laser system
at a wavelength of 515 nm depends on the energy coupling into the material.
Good results were achieved with most plastics, wood, cardboard, thin glass, and
metal. The system also effectively cut cables or avoided cutting based on sensor
responses, which is valuable for bomb disposal operations. However, thicker
metal sheets, translucent plastics, and white glass showed poor cuttability, with
cutting progress stagnating at deeper layers.

However, the reliability of breakthrough detection was not fully assessed. A
thorough evaluation, especially in simulated applications during final testing,
was not conducted. The tests carried out show the possibilities of sensory cut
depth monitoring and offer a field in the fight against IEDs. For the application
on real objects, a larger number of tests are required for which fine-tuning must

be carried out. Research into miniaturisation and adaptation/optimisation of the

133



system is continuing. For example, the use of ultrashort pulse (USP) lasers could
open up further dimensions in cutting, although these are currently still too large.
The cuttability of the materials has already been tested with the USP laser and de-
livered promising results, so that further research needs to be carried out into the
cuttability of other materials (suitable cutting times) and the appropriate sensor

technology.
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List of Abbreviations

Table 7.1: List of Abbreviations

Abbreviation Meaning

AgN3 Silver Azide

BIT Ball Impact Tester

CO, Carbon Dioxide (Laser)

DAQ Data Acquisition

DSC Differential Scanning Calorimetry

DTA Differential Thermal Analysis

ECC Energetic Coordination Compound
EASI-MS Easy Ambient Sonic-Spray Ionization - Mass Spectrometry
EM Energetic Material

ESD Electrostatic Discharge

FS Friction Sensitivity

FTIR Fourier Transform Infrared Spectroscopy
HMTD Hexamethylene Triperoxide Diamine
HNS Hexanitrostilbene

IED Improvised Explosive Device

IR Infrared

LDA Linear Discriminant Analysis

LIBS Laser-Induced Breakdown Spectroscopy
MEMS Micro-Electro-Mechanical Systems
Nd:YAG Neodymium-Doped Yttrium Aluminium Garnet (Laser)
OozZM Optical Zero Measurement

PCA Principal Component Analysis

PETN Pentaerythritol Tetranitrate

PSPME Planar Solid-Phase Microextraction
PTR-ToF-MS Proton Transfer Reaction - Time-of-Flight Mass Spectrometry
RDX Cyclotrimethylene Trinitramine

SNR Signal-to-Noise Ratio

TATP Triacetone Triperoxide

VIS Visible Spectrum

Pb(N3), Lead Azide
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