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Abstract This chapter provides a brief overview of the main directions in research
and application of the interaction of laser radiation with explosives. Historically
the first application of such interaction based on thermal initiation of explosives is
briefly characterized. Themainmethods of remote detection of explosives using laser
radiation are listed. Particular attention is paid to the areas of research that have been
recently formed such as spectral selective resonance interaction of laser radiationwith
explosives and explosives modified by nano-additives. It was noted that depending
on the choice of the optical absorption band of the explosives, its excitation can lead
either to the effective activation of an explosive or to its decomposition, which is not
accompanied by a significant thermal effect. The latter case can be used for remote
detection of the explosives and, partly, for passivation of their surface. Finally, it
was demonstrated that the absorbing and refractive light nano-additives are able to
reduce the threshold intensity of initiation of explosives by laser radiation, while
keeping the resistance of explosives to impact or thermal effects that provides the
safety conditions of working with them.
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25.1 Introduction

The first experiments focused on a study of interaction between energy-saturated
materials and laser radiation have been performed simultaneously with develop-
ment of laser technology in the second half of the twentieth century. In most cases,
the infrared He–Ne lasers available at that time were applied in this regard. It was
assumed that the direct transfer of thermal energy to the substance is provided in the
infrared region and, as a result, this is the easiest way to ensure rapid combustion of
a substance to be initiated, and subsequent ignition of brisant explosives. The further
development of works in this area lies in implementation of high-power lasers for the
direct initiation of brisant explosives in order to exclude the necessity to use highly
sensitive initiating explosives. However, the use of high-power lasers is difficult to
implement and expensive. It was considered that in their absence the probability of
accidental initiation of ammo decreases. The number of works on laser initiation of
energy-saturated materials has increased several times over the past ten years, which
proves their relevance. The recent success in the understanding of the theory of the
initiation process under the action of laser radiation and in the technical development
of laser technologies also provide the conditions for further progress of the aforemen-
tioned approach. Laser initiation opens wide opportunities for application in those
areas where modern safety standards are implemented and restrictions to traditional
methods of initiation are presented: space technology and rocket science, mining
and blasting with high explosion hazard, oil production, and others. Furthermore,
laser initiation makes it possible to create complex explosive systems insensitive to
electromagnetic interference and temperature fluctuations and easy to combine into
multi-level networks, which makes its application more safe and technological. An
additional factor is that the laser initiation process consumes significantly less energy
than the thermal type of initiation, in turn, the cost of such initiators is lower than
usual ones and their size and weight are also significantly less. For example, the
initiation of many pyrotechnic compounds requires low radiation power (mJ), which
is accessible for many commercial lasers. Another striking advantage of such initia-
tors is their reusability. At the present, the main approaches describing the process
of laser initiation of explosives can be divided into two separate directions: thermal
and shock. In the first case, the beam falls on the target causing a self-sustaining
combustion process, which then proceeds into explosive combustion or detonation.
In the second case, the detonation occurs due to the energy of shock initiation caused
by particles flying at high speed, which are formed upon laser radiation.

One more actual and perspective way of using lasers is the methods of detect-
ing various substances. There are a lot of different laser methods for detection of
energetic materials. But traditional detection methods are somewhat limited because
the broad spectral features of many explosive vapors make phase sensitive detection
methods difficult. One of the common problems of a large part of thesemethods is the
following. Large molecules, which include the majority of explosives, usually have
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weak and poorly resolved optical transitions. This circumstance complicates their
detection by spectroscopic methods. At present, remote sensing of energy-saturated
substances using resonant laser-explosives interactions is a promising direction of
solving this problem.

Another modern directions in the field of interaction of laser radiation with explo-
sives are using resonant laser-explosive interaction and nanoparticle additives. Intro-
duction to the explosive composition some chemically inactive nanoparticles can
reduce the threshold power of initiation by laser radiation. The low chemical activity
of these nanoparticles allows to achieve this goal without reducing the stability and
safety of the explosives.

In the sections below, an overviewof the research in this directionwill be reviewed.

25.1.1 Laser Thermal Initiation of Explosives

In many modern studies, it was observed that ignition or initiation of materials by
laser radiation result in thermal inhomogeneity of the process, which is manifested
by formation of hot spots [1]. It is assumed that during irradiation a local center of
about 0.1 μm is formed, which has enough energy to ignite an initiator. For that
reason, the temperature of hot spot should be approximately 700 °C or more, and
its lifetime should be not less than 10 μs. There is a possibility to form a number
of such hot points; however, formation of a “critical” hot spot induces detonation or
ignition. The process of thermal initiation consists of a complex of different physical
and chemical stages. For example, the initiation process of hexogen (RDX—Royal
Demolition Explosive, Hexogen) can be described as follows [2–4]. In the beginning,
the surface of the sample is heated by a laser beam (at atmospheric pressure in argon
with CO2 laser heat flux from 35 to 600 W/cm2) and the temperature profile of
the material in the solid phase is formed. Then, when the material reaches melting
temperature (Tm), a quasi-equilibrium two-phase zone (mushy zone) is formed, in
which both the solid and liquid phases are present. Further, the molten liquid phase
is formed, which moves deep into the material and transfers thermal energy. This
process accompanied by decomposition and formations of gaseous phase.

In the next stage, a torch is formed on the surface of the material followed by
the intense evaporation of gaseous products from the surface of the material and
subsequent sharp increase in pressure. Finally, if the heat flux is strong enough to
provide a self-sustaining exothermic reaction, the ignition process occurs (Fig. 25.1).

As a rule, the mathematical modeling methods are used to study the influence
of various factors of laser radiation on explosives. Abdulazeem et al. [5] perform
theoretical calculations for lead azide using the following mathematical equation:

ρc
∂T

∂t
� k

∂2T

∂x2
+ ρq Ae−E/RT + α I (t)e−αx ,
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Fig. 25.1 Processes
involved in laser-induced
ignition of RDX [2]

where, k ∂2T
∂x2 —the value of heat transfer taking into account coefficient of thermal

conductivity, ρq Ae−E/RT—the amount of heat generated during the chemical reac-
tion, α I (t)e−αx—the amount of heat produced by laser radiation.

As a result, the dependencies of the surface temperature and the initiation time
on the laser radiation density at different values of the heat transfer coefficient were
determined (Fig. 25.2a, b). In general, the performed calculations are consistent with
the experimental data. In turn, some inconsistency between theory and experiment
can be explained by insufficient consideration of an influence of the local zones of
the thermal inhomogeneity observed during laser-induced initiation (Fig. 25.2c, d).
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Fig. 25.2 The calculated and obtained experimentally dependencies of the surface temperature and
the initiation time on the laser radiation density at different values of the heat transfer coefficient
[5]

25.1.2 Laser Shock Initiation of Explosives

The well-known alternative way to initiate explosives is to use the energy of plasma
produced during laser ablation of a metal. The shock wave generated by the flying
particles directed on the initiating explosive creates an inertial impact that transforms
into a detonation front. Typically, a metal coating is made of a thin metal film placed
on the transparent “window” or tip of the optical fiber. The laser pulse (Nd:YAG laser,
laser energy 67–375.7 mJ) vaporizes the metal and forms a plasma. In the implemen-
tation of this mechanism of initiation of hexogen (RDX), octogen (HMX), trinitro-
toluene (TNT), and hexanitrostilbene (HNS) the following processes occur: melting
and evaporation of a metal, plasma formation, shock wave formation, and, finally,
detonation of an explosive. In this case, the main materials used as target are alu-
minum and copper. For fabrication of multilayer films based on carbon, magnesium,
germanium, titan, titan oxide, aluminum oxide, and zinc sulfide are also used [6].
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25.2 Detection of Explosives Using Laser Irradiation

25.2.1 Main Laser Methods of Explosives Detection

Currently, methods for the remote detection of the energy-saturated substances is a
perspective direction in the modern security strategies [7]. There are two approaches
applicable for remote detection of explosives. It is standoff detection (fully non-
contact method) and remote detection, in which an analytical equipment contacts the
sample explosive, whereas an operator is located at a safe distance. Standoff identi-
fication of explosives is more promising and demanded, however, more difficult to
implement and is limited to low saturated vapor pressures upon normal conditions
(e.g., for TNT—9 ppb (~1.7 · 10−3 Pa), for RDX—6 ppt (~4 · 10−6 Pa)). Moreover,
new types of explosives have complicated spectral characteristics and, in the most
cases, are poorly studied and the appropriate spectral databases are absent. However,
many substances of this class have high adhesion and contain a relatively large trace
amount of molecules on the surface per unit area, which facilitates their determina-
tion. Modern trends in development of methods and equipment for remote detection
are presented below [8].

25.2.1.1 Laser-Induced Breakdown Spectroscopy (LIBS) or Laser
Spark Emission Spectroscopy

This method determines the elemental composition of the target substance based on
registration of the characteristic lines of emission spectrum of laser plasma [8–12].
For that purpose, the pulsed lasers operating in the UV (area of electronic transitions
of most explosives) or IR (area of vibrational-rotational transitions) parts of the
spectrum are typically used. For example, the analysis of such explosives as RDX,
HMX, TNT, pentaerythritol tetranitrate (PETN), C4, A5, M43, LX-14, and JA2
was successfully performed. Thus, this method has a high sensitivity (nano- and
picograms); it is relatively simple and applicable for determination of the most of
explosives.

25.2.1.2 Raman Spectroscopy (Spectroscopy of Raman Scattering)

This approach is based on detection of the characteristic Raman spectra of the indi-
vidual compounds upon laser irradiation [13]. The main disadvantage of this method
is insufficient intensity of the scattered radiation of the compounds of interest, which
causes the implementation of highly sensitive detectors. In addition, the systems of
scanning and accumulation (multiplication) of the signal are required. Moreover, the
method is sensitive to external light illumination and luminescence of the object of
research and other compounds localized in the scanning zone, which complicates the
detection process [14, 15]. In order to increase the intensity of the Raman signal it
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is necessary to use the radiation sources in the range of the electronic transitions of
molecules (Resonance Raman scattering (RRS)) that allows us to achieve intensity
(cross-section of Raman scattering) of thousand times higher than at wavelengths of
the visible region for some explosives. For example, in [16] it was shown that the
cross-section of Raman scattering at 229 nm for the studied explosives exceeds its
value in the visible region of the spectrum by about three orders of magnitude. Gares
et al. [17] suggested to use a UV-Raman method, in which the detection occurs right
after when molecules of explosive are promoted to the excited state by the UV light.
This type of experiments was conducted for TNT, RDX, NaNO3, and NH4NO3. It
is considered that the optimal distance for remote detection of various explosive
compounds using Raman spectroscopy is about 500–1000 m [18].

25.2.1.3 Coherent Anti-Stokes Raman Scattering (CARS) Spectroscopy

This method is based on the phasing molecular vibrations in the field of resonant
bi-harmonic pump and subsequent coherent scattering of the probe wavelength [13,
19]. This makes CARS popular for standoff detection of explosive remainders on the
surfaces of objects. At the same time, the use of the narrow-band lasers allows achiev-
ing high spectral resolution of the Raman bands. Furthermore, CARS has a number
of advantages over the method previously discussed, but at the same time, there are
difficulties, which complicate its implementation in portable devices designed for
remote detection of trace remainders of explosives.

25.2.1.4 Laser-Induced Fluorescence of Products PF-LIF (PD-LIF)

This technique deals with determination of explosives based on the products of their
decomposition. In this regard, the analysis is performed by means of detection of
the characteristic set of the fragmentation products on the basis of detection of their
fluorescence [20–25]. The molecules of the most explosives have weak transitions,
whereas the transitions corresponding to the products of their fragmentation are
intense and well-studied, therefore, they can be easily identified. The detection pro-
cess can be divided into two steps: rapid heating and dissociation of the molecules of
explosives caused by laser irradiation are followed by the release of a large number
of volatile products. As a rule, the spectral characteristics of such decomposition
products have simple structure. In the next step, the detection of fluorescence signal
of primary decomposition products of explosives as well as their assignment are con-
ducted. This approach has great perspective for further development and with a high
degree of probability allows to identify explosives or their mixtures. Here are main
advantages of this method: the possibility to use a single source for fragmentation
and excitation, high selectivity of detection of functional groups, low influence of
optical interference, and relatively intense fluorescence signal.
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25.2.1.5 IR Spectroscopy of the Products of Laser Photofragmentation
of Explosives (MIR-PF)

This method is based on principles, which are similar to the previous approach
differing only in the fact that after irradiation (usually at a wavelength of about
1.5 μm) the registration of gaseous products is carried out using IR spectroscopy.
The signal in the form of reflected (scattered) radiation is recorded using IR camera
[26–30].

25.3 An Investigation of Laser-Explosive Interaction
from New Perspectives

25.3.1 Optimization of Laser Initiation
of Explosive—Resonant Laser Explosive Interaction

At the very beginning, research in the field of interaction of laser radiation with
photosensitive explosives was largely slowed down by a limited number of high-
tech, reliable, powerful, and commercial available lasers. In these conditions, on the
one hand, it was technically difficult to find a laser suitable for excitation of the
specific absorption bands of an explosive, however, on the other hand, it was useless
since the sufficiently powerful laser can initiate almost any explosive. As a result,
due to thermal initiation the laser beam interacts with the surface of an explosive by
heating it up to a critical temperature [31]. The development of laser technologies
and the creation of a wide range of lasers with various characteristics operating at
different wavelengths, including those that correspond to the of optical absorption of
explosives, provide the conditions for the study of the resonance interaction of laser
radiation with explosives.

Thus, it is possible to distinguish two new directions in research of light-sensitive
explosives: the resonant interactionwith laser radiation and influence of nanoparticles
on the mechanism of interaction of explosives with laser radiation.

Here are some aspects of the resonant interaction of explosives with laser radia-
tion. The mechanism of the photo-induced decomposition of HNS (2,2′, 4,4′, 6,6′-
hexanitrostillbene) and the resulting decomposition products were studied using UV
spectroscopy, electron paramagnetic resonance (EPR), and XPS (X-ray photoemis-
sion spectroscopy) [32]. The HNS particles dissolved in acetonitrile were irradiated
with a monochromatic source of UV radiation (365 nm) at a temperature of 24 °C.
Then, the irradiated HNS was studied using optical absorption spectroscopy within
the range of 190–900 nm, as well as X-ray photoemission spectroscopy (XPS) after 2
and 8 h of irradiation. After irradiation, new peaks on the HNS absorption spectrum
centered at 330–350 nm appear, the intensity of which increases in proportion to the
irradiation time. These peaks are associated with elimination of NO2-group from the
benzene ring of the HNS molecule (Fig. 25.3).
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Fig. 25.3 UV-Vis spectra of HNS before and after UV irradiation [32]

Fig. 25.4 XPS O 1s and N 1s spectra of HNS before and after irradiation, the solid line is the XPS
curve and the short dotted line is the fitting curve [32]

The data presented in Fig. 25.3 are confirmed by X-ray photoemis-
sion spectroscopy (XPS), electron paramagnetic resonance (EPR), and liquid
chromatography-mass spectrometry (LC-MS). The XPS results demonstrate a
change in the intensity of peaks N 1s (401 eV) and O 1s (528 eV) when com-
paring spectra before and after irradiation of HNS. This indicates a breaking of a
C–NO2 bond and the elimination of oxygen from the nitro group (Fig. 25.4). The
EPR analysis reveals the presence of free •NO2 radicals, which are formed during
the photocleavage of the C–NO2 bond in the benzene ring. Thus, the decomposition
reaction proceeds mainly through the breaking of a C–NO2 bond and the elimination
of oxygen atoms from the NO2 groups.

Kakar et al. recorded the absorption spectra (Fig. 25.5) of TATB (triaminotrini-
trobenzene or 2,4,6-triamino-1,3,5-trinitrobenzene) before and after irradiation of
different intensity (5 min,~1010 photons/s; 5 min,~1014 photons/s), using X-ray
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Fig. 25.5 N 1s absorption
spectra of TATB recorded at
403 eV: bottom-a fresh
TATB film, middle-TATB
film exposed to moderate
dose of radiation for 5 min,
top-TATB film exposed to
intense dose of radiation for
5 min [33, 34]

absorption spectroscopy (XAS) [33, 34]. After irradiation, the signals of the transi-
tionsN1s (C–NO2)→π* (NO),C1s (C–NO2)→π* (NO), andO1s (C–NO2)→π*
(NO) are significantly reduced, which indicates the elimination of the NO2 group
from the benzene ring of the TATB molecule.

Particular interest deserves a study of resonance interaction of laser radiation
with cobalt (III) aminates [35–42]. This is due to the fact that these high-energy
materials are sensitive to laser radiation, have a high detonation speed (~7 km/s)
in comparison with the industrial initiating explosives (e.g., detonation speed for
lead azide is 5.5 km/s) [43], have a short area of transition between burning and
detonation, and their sensitivity is comparable to the brisant explosives [44]. Thus,
all mentioned above make these high-energy materials safe in terms of initiation
[45].

Here are the following high-energy materials used in the current study:
(5-Nitrotetrazolato-N2) Pentaammin-Cobalt (III) Perchlorate (NCP); bis-
[cis-(5-Nitrotetrazolato–N2)]}tetraaminecobalt (III) perchlorate (BNCP);
(1,5-diaminotetrazole–N2) pentaamminecobalt (III) perchlorate (DPCP); (5-
trinitrometiltetrazole–N2) pentaamminecobalt (III) perchlorate (TPCP); Aquapen-
taammincobalt (III) perchlorate (APCP). APCP is used as a precursor for the
synthesis of the aforementioned compounds. NCP has successfully passed industrial
tests at Geofizika science-and-production company as the main component of the
explosion converter in the blasting-perforation equipment applied for drilling of
deep oil and natural-gas wells. BNCP is used for space-rocket complexes as one of
the most effective explosives.
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Fig. 25.6 a The absorption spectrum of APCP consisting of the charge transfer ligand-to-metal
absorption band (highlighted in red) and two d–d absorption bands, b The absorption bands corre-
sponding to d–d transitions of other studied cobalt (III) complexes

The 0.022 M aqueous solutions of these complexes were prepared and placed in
cuvettes with a volume of 0.2 cm2 to determine the absorption band frequencies.
For example, the absorption spectra of APCP in UV and visible regions [35, 41]
consist of the charge transfer metal-to-ligand absorption band and two absorption
bands corresponding to the d–d transitions of cobalt (Fig. 25.6a). The d–d absorption
bands of other energy-saturated complexes are shown in Fig. 25.6b. Figure 25.6
demonstrates that the third harmonic of theYAG-Nd laser (λ�355nm, pulse duration
is 20 ns, pulse frequency 12 kHz, and laser power of 1.2 W) and the semiconductor
laser operating at 470 nm (laser power of 0.2 W) can be used for excitation of these
bands. In addition, the IR spectra of DPCP, TPCP, BNCP, and NCP were measured
(Fig. 25.7) in order to identify the decomposition products [35, 46, 47].

The spectra of all studied complexes are characterized by the following main
modes (Fig. 25.7d). One of them are absorption bands associated with vibrations of
ClO4

− ion. These vibrations are characterized by two very intense bands centered at
1070 and 620 cm−1, as well as a weak absorption band centered at 930 cm−1 [48].
These absorption bands were observed for all studied complexes. The absorption
bands corresponding to vibrations of the intrasphere ligand NH3 lie in the region of
3200 and 3300 cm−1 [49].

Raman spectra of DPCP, TPCP, NCP, and BNCPwere recorded for the analogical
purpose [36, 38]. Figure 25.8 presents the Raman spectra of NCP and its decompo-
sition producs.

According to Fig. 25.8, there are three intense Raman signals of ClO4
− centered

at 470, 630, and 940 cm−1 [50]. These Raman signals were observed for all studied
complexes. There are two Raman signals corresponding to vibrations of the intras-
phere ligand NH3 appeared in the region of 1320 cm−1 [50–52].

The comparison of the spectra of initial complexes and liquid products of their
photolytic decomposition revealsweakening of the intensities of the bands associated
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IR (cm- 1) Assignment
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(d)

(b)

(c)

Fig. 25.7 a IR spectrum of NCP; IR spectra of liquid, b and solid, c products of photolytic decom-
position ofNCP upon irradiation at 355 nm,d the results of assignment of the obtained IR absorption
bands

to intrasphere NH3 ligand and Co–N, preservation of the intensity of the signals
assigned to the outersphere ClO4 ligand, and the increase in the intensities of the
bands corresponding to nitrogen oxides.

In addition to the products remaining in a solution, a solid precipitate is formed
because of photolytic decomposition of the complexes. The more detailed study of
this precipitate showed that it is composed by cobalt and oxygen forming a mixture
of cobalt oxides and hydroxides. Moreover, the increase in the intensity of the light
flux leads to decrease of amount of hydroxides in the mixture.

As can be seen from Fig. 25.9, the described above picture is similar in both cases:
at 355-nm excitation of the cobalt 1A1g → 1T2g transition by the third harmonic of
the YAG-Nd laser and at 470 nm excitation of the cobalt 1A1g → 1T1g transition by
a semiconductor laser.

The thermal decomposition of cobalt (III) complexes was also studied using mass
spectrometry (ionizing radiation 70 eV) [40]. The results of these studies for APCP
and NCP demonstrate that the transition from low (150 °C) to high (250 °C) tem-
peratures results in the decrease of the amount of ammonium in the decomposition
products, the increase of the average oxidation degree of nitrogen and carbon, and the
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Fig. 25.8 aRaman spectrum of NCP; Raman spectra of liquid, b and solid, c products of photolytic
decomposition ofNCPupon irradiation at 355 nm,d the results of assignment of the obtainedRaman
bands

Fig. 25.9 IR spectra of NCP recorded before (1) and after (2) excitation at 470 (a) and 355 (b) nm
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(a) (b)

Fig. 25.10 The dependence of the proportion of ions in the whole mass spectrum on the ratio of
their mass-to-charge for the products of pyrolysis of APCP (a) and NCP (b) at three temperatures.
The arrows indicate the marked changes induced by the increase of the temperature of pyrolysis.
The signals of HCl ions with different isotopes of chlorine are combined in one

increase of the amount of HCl (Fig. 25.10). The latter is the result of the decomposi-
tion of the perchlorate ion indicating a change in the mechanism of oxidation. Thus,
the main oxidizing agents during the pyrolysis of the studied complexes at temper-
atures up to 200 °C are the central cobalt ion and the nitro group of 5-nitrothiazole
(in the case of NCP). On the other hand, the outersphere perchlorate ion becomes
the main oxidizing agent at 250 °C.

Golubev et al. performed the density functional theory (DFT) quantum-chemical
calculations of the primary decomposition (with minimal energy of excitation) of
NCP and BNCP using Gaussian 09 [53, 54]. The following possible primary decom-
position products were calculated: ammonia, (NH3), perchloric acid (HClO4), 5-
nitrotetrazolato (N4HCNO2), and the nitro group (NO2). It was observed that the
main primary mechanism of decomposition of both complexes is the elimination of
the ammonia molecule with concurrent rearrangement of the remaining molecular
fragment. At the same time, the temperature effect of this decomposition mechanism
is minimal. The authors claim that the calculations are consistent with the results of
mass spectrometry [55].

According to the discussion above, it can be concluded that the mechanism of
low-temperature decomposition (not higher than 200 °C) corresponds to the decom-
position of the complex via breaking of the weakest bonds and is similar to the pho-
tolytic decomposition of cobalt (III) amminates upon the 350 nm excitation of the
d–d absorption bands, and, in opposite to high-temperature decomposition regime,
is not accompanied by a significant thermal effect.

Thus, the resonance photolysis of the studied complexes conserves the perchlo-
rate ions in the decomposition products, which can be easily detected by Raman
spectroscopy. The photolysis itself is a low-temperature process that does not lead
to detonation, and its solid products (cobalt oxides and hydroxides) passivate the
surface of explosives [56].
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25.3.1.1 Absorbing Additives

The development of nanotechnology provides new opportunities for modification of
explosives. For example, the light-absorbingnanoparticles (soot,metal nanoparticles,
graphene, nanotubes) are added to the explosives in order to concentrate absorbed
light energy in a smaller volume [57]. Another direction is the introduction of the
light-scattering nanoparticles, which extend the optical path of light in the surface
layer of an explosive leading to a similar result.

It was demonstrated [58] that the addition of carbon to RDX reduces the energy
of initiation compared to a pure RDX. The initiation was carried out by Nd:YAG
diode pumped laser (laser power of 2.6 W and pulse duration of 200 ms) operated at
808 nm. This laser was used to study the interaction of laser radiation with HMX,
RDX, PENT, and TNT, as well as their modifications with carbon (graphite, soot).
Adding 1–3% carbon reduces the energy of initiation of RDX by 10–15%, probably,
as noted by the authors, due to reducing the losses caused the reflection of the laser
beam, which are typically about 20%.

Kalenskii et al. studied the dependence of the absorption coefficient of laser radi-
ation (Nd:YAG, 1064 nm) of lead azide on the size of embedded lead nanoparticles
[59]. It was observed that the maximum absorption coefficient (1.18) corresponds to
the diameter of lead nanoparticles equals to 74 nm. The authors used the “hot spot”
model in order to explain the obtained results.

The effect of the modification of the explosive compositions under the resonant
laser radiation have not been previously studied. A study of the modification effect
on the threshold of initiation was conducted on pressed polycrystalline samples of
NCP with additions of different amounts of graphene, fullerenes (light-absorbing
nanoparticles), and detonation nanodiamonds (nanoparticles with high refractive
index).

At 350 nm irradiation, corresponding to d–d transitions of cobalt ion, upon reach-
ing the threshold power the darkening of the sample surface was observed (photolytic
decomposition of NCP and the formation of cobalt oxides), whereas, no explosive
initiation was noticed. It was also noted that the increase in the concentration of
graphene and fullerenes nanoparticles increased the threshold radiation power. This
can be explained by the fact that these nanoparticles take up some part of energy
and convert it into the thermal energy (Fig. 25.11b). Thus, the resulting laser power
was not enough on the one hand for the photolytic initiation on the other hand, for
thermal initiation, since even the radiation power (70–160 mW/mm2) was an order
of magnitude less than the required value (Fig. 25.11a).

IR spectroscopy revealed a sufficiently intense absorption band centered at
1554 nm corresponding to the first harmonic of the valence vibrations of N–H bonds.
Thus, in order to observe the thermal initiation of NCP, the tunable femtosecond laser
operated at 1554 nm (pulse duration of 100 fs and pulse frequency of 76 MHz) was
used for the resonant excitation of this absorption band. An increase in the con-
centration of graphene up to 3% (in the weight percent) led to a decrease in the
initiation threshold by an order of magnitude (Fig. 25.11a). This can be explained by
the increase in the absorption coefficient o NCP. The further increase in the concen-
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(a) (b)

Fig. 25.11 The influence of the additives of nano-disperse materials (in wt%) on the threshold of
initiation of NCP by, a femtosecond 1554 nm laser and, b Nd:YAG laser operated at 355 nm

tration of graphene led to the opposite effect, apparently, due to an increase in the
outflow of a heat from the NCP layer that absorbs the bulk of the incident radiation.

25.3.1.2 Scattering Additives

The effect of additives of diffusers of light (e.g. nanodiamonds) on the explosives are
poorly understood in comparison with additives based on highly absorbing nanopar-
ticles. The use of nanodiamonds as an additive for the laser initiation of the com-
posites based on the complex perchlorates was studied by Ilyushin et al. [57]. In
this work, the composites with additives of concentrations varied between 0.5 and
5 mass% were investigated. Introduction of nanodiamonds provides sensitization of
the composites with respect to laser radiation (Nd:YAG laser). The energy depen-
dence of the initiation threshold on the additive concentration represents a curve with
a minimum of about 3 mass%. The authors explain this observation by the increase
of the internal optical path length of the pump radiation in the sample due to the
scattering of laser radiation by ultrafine diamonds. We have studied the influence of
concentration of nanodiamonds as lenses of radiation on the change in the initiation
threshold at resonant excitation corresponding to the d–d of transition of cobalt ion.
The obtained results showed that the modification of NCP perchlorate by detonation
nanodiamonds did not affect the magnitude of the threshold power (Fig. 25.11b).
Apparently, this is due to the fact that the increase in the length of the optical path
as a result of the scattering effect of such additives is critical only for materials with
a low optical absorption coefficient.
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25.4 Conclusions

Modern directions in the field of the explosive treatment by laser light lie in an inves-
tigation of the interactions between the resonant laser radiation and the absorbing and
scattering light nanoparticles used as additives to explosives, and affecting the initi-
ation threshold. The implementation of this approach to cobalt (III) nitrotetrazolato
amminates allowed us to obtain the following results. For these compounds, three
groups of resonance absorption bands have been established: the first group—the
overtones of valence vibrations at wavelengths of 1.5 and more than 2 μm; the sec-
ond group—two absorption bands corresponding to d–d transitions of cobalt ion
located in the region of 300–500 nm, and the third group—the charge transfer of
ligand-to-metal absorption band located in the short-wavelength region. Photolytic
decomposition of the aforementioned complexes was carried out using laser radi-
ation. It was found that irradiation of cobalt (III) amminates at 355 and 470 nm,
corresponding to d–d transitions of cobalt ion, leads to “soft” photolytic decompo-
sition providing the conditions for passivation of the surface of the explosives. In
this scenario, perchlorate anion as one of the decomposition products is produced,
which can be easily detected and identified. Addition to NCP of the highly absorb-
ing carbon nanoparticles allows to significantly reduce the initiation threshold at the
wavelengths corresponding to the valence vibrations.
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