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A short review is represented concerning physicotechnical features of cur-
rent technologies, plane-wave, converging cylindrical and spherical detona-
tion waves used in physics and chemistry of high energy densities, physics of 

metals, materials science, machine building, and mining and metallurgical 
industry. The main drawbacks of existing technologies are shown, and atten-
tion is focused on the technical nature of the reasons limiting their applica-
tion. Attention is paid to solving the problem of simultaneous initiation of 

detonation of the entire surface layer of a light-sensitive explosive, regard-
less of the shape of the surface. A physical and mathematical methodology 

for estimating shock-wave parameters of an explosive during initiation of 

detonation in it by explosion of the initiation layer of the charge of a light-
sensitive explosive composite is proposed. Prospects of practical application 

of detonation (shock) waves of the specified profile formed by laser ignition 

of the surface of a light-sensitive explosive composite are discussed. Physico-
chemical potential of the system of laser initiation of detonation makes it 

possible to form any wave profiles and get pulses of the intensity from 0.1 to 

1.0 kPa⋅s on the surfaces being more than 1 m2. Precision and safe system of 

laser initiation can be used during any types of blasting operations including 

the ones that cannot be implemented principally, while applying standard 

systems for initiating explosives and means of explosion. 
 

Corresponding author: Valery Viktorovych Sobolev 
E-mail: velo1947@ukr.net 
 
Citation:  V. V. Sobolev, O. V. Skobenko, М. M. Kononenko, V. V. Kulivar, and 

А. V. Kurlyak, Profiled Detonation Waves in the Technologies of Explosion Treatment 

of Metals, Metallofiz. Noveishie Tekhnol., 45, No. 11: 1349–1384 (2019). 
DOI: 10.15407/mfint.45.11.1349 

Metallophysics and Advanced Technologies  
Ìåòàëîôіç. íîâітні òåõíîë.  
Metallofiz. Noveishie Tekhnol.  
2023, vol. 45, No. 11, pp. 1349–1384 
https://doi.org/10.15407/mfint.45.11.1349 
Reprints available directly from the publisher 

 2023 G. V. Kurdyumov Institute for Metal Physics,  
National Academy of Sciences of Ukraine 

Published by license under  
the G. V. Kurdyumov Institute for Metal Physics–

N.A.S. of Ukraine Publishers imprint. 
Printed in Ukraine. 

https://doi.org/10.15407/mfint.45.11.1349
https://doi.org/10.15407/mfint.45.11.1349


1350 V. V. SOBOLEV, O. V. SKOBENKO, М. M. KONONENKO et al. 

Key words: light-sensitive explosion composite, laser, radiation, chemical 
reactions, detonation, wave fronts, shockwaves, super-short pulse. 

Подано короткий огляд фізико-технічних особливостей сучасних техно-
логій пласкохвильової, збіжної циліндричної та сферичної детонаційних 

хвиль, що використовуються у фізиці та хемії високих густин енергії, фі-
зиці металів, матеріялознавстві, машинобудуванні, гірничо-
металурґійній промисловості. Показано основні недоліки наявних техно-
логій і зосереджено увагу на технічному характері причин, що обмежу-
ють застосування їх. Приділено увагу вирішенню проблеми одночасного 

ініціювання детонації всього поверхневого шару світлочутливої вибухо-
вої речовини, незалежно від форми поверхні. Запропоновано фізико-
математичну методику оцінки ударно-хвильових параметрів вибухової 
речовини під час ініціювання в ній детонації вибухом ініціяційного шару 

заряду світлочутливого вибухового композиту. Обговорено перспективи 

практичного застосування детонаційних (ударних) хвиль заданого профі-
лю, що утворюються під час лазерного запалення поверхні світлочутливо-
го вибухового композиту. Фізико-хемічний потенціял системи лазерного 

ініціювання детонації уможливлює формувати будь-які профілі хвиль і 
одержувати імпульси інтенсивністю від 0,1 до 1,0 кПа·с на поверхнях бі-
льше 1 м2. Прецизійна та безпечна система лазерного ініціювання може 

бути використана під час будь-яких видів вибухових робіт, у тому числі 
тих, які принципово не можуть бути реалізовані за застосування стандар-
тних систем ініціювання вибухових речовин і засобів вибуху. 

Ключові слова: світлочутливий вибуховий композит, лазер, випроміню-
вання, хемічні реакції, детонація, хвильові фронти, ударні хвилі, надко-
роткий імпульс. 
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1. INTRODUCTION 

Studies of the regularities of changes in physicochemical properties of 

substances and phenomena occurring in the materials under shock-
wave action are aimed at solving scientific problems of mostly funda-
mental nature along with creating new technologies and materials. 
Currently, being independent scientific and technical areas, shock wave 

technologies are uncontested and cost-effective, having no competitors 

in many respects. The most well-known technologies are various meth-
ods for the production of detonation nanosize diamond crystals [1−3], 
synthetic diamond micropowders [4−6], monocrystals [7, 8], superhard 

modifications of boron nitride [9, 10], cubic silicon nitride [11], chaoite 

[12, 13] and its transformations [14] into carbon phases as well as other 

superhard materials. The technologies of explosion stamping [15], 
hardening and explosion welding [16, 17], powder compaction [18], etc. 
are being developed successfully. Shock action is applied to change 

shape and density of materials, their conductivity, strength, crystal-
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line structure, defectiveness, chemical activity, refractive index, va-
lence of chemical elements and even isotopic composition, absorption 

spectra, and other physical and chemical properties of substances. 
 A significant contribution to the development of shock-wave studies 

was made by the research carried out especially intensively during the 

Second World War and the following years after its completion. Ac-
cording to the programme of works in the frameworks of the USSR nu-
clear project, there were investigations concerning the method of ini-
tiating a chain reaction using chemical explosives along with the 

planned studies of the shock-wave parameters of minerals, rocks, met-
als, and other materials at high temperatures and pressures [19−21]. 
Scientists and engineers from Germany, the USA, the USSR, and 

Great Britain were the first researchers and world leaders. In the early 

1960s, reports on the results of scientific studies of the shock wave ef-
fect on substances began to appear regularly in open sources of infor-
mation in Poland, France, Japan, and some other countries. During the 

recent three decades, the list of countries has expanded significantly; 
each of the country has a growing number of research and production 

organizations specializing in the development and application of ex-
plosive technologies. 
 In the process of shock wave processing of materials, regular indus-
trial explosives (ammonites, octogen, hexogen, heating elements, plas-
tic explosives, etc.) and various methods of priming are used. The selec-
tion of methods depends on the operating conditions, safety require-
ments, technical and economic feasibility. A method of non-electric 

priming using a detonating cap (DC) and an electrical priming system, 
which main element is an electric detonator (ED), are the most widely 

used techniques. From the viewpoint of any of the selected explosive 

treatment technologies using ED, DC, and any priming system, the ex-
plosive is a point source of excitation. In this regard, all known materi-
al processing schemes were developed taking into account technological 
capabilities of ED and a blasting method. When detonation is initiated 

in explosive charges by an electric detonator explosion, a front of a di-
verging detonation wave propagates from the point of initiation. It is 

obvious that the sliding front of a detonation wave (and of a shock 

wave, respectively) limits the possibility of expanding a range of prod-
ucts with complex relief and large surface area. Problems arise espe-
cially when a very short pulse action (up to 1 µs) is required in terms of 

simultaneous excitation of detonation over the whole explosive surface. 

2. METHODS AND FOCUS AREAS OF THE SHOCK-WAVE 

COMPRESSION TECHNOLOGY 

In the context of experimental studies and technological processes, 
materials are processed using following main varieties of shock-wave 
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profiles: 1by a linear wave front sliding at an angle of inclination α 

to the material surface (0° < α ≤ 90°); 2by a plane-wave front, impact 

angle with the material surface as well as impact angle of the shock 

wave fronts or detonation waves is at 0°; 3by an axisymmetric (cy-
lindrical) wave front converging to the axis of symmetry; 4by a 

symmetrical front with respect to a point (spherical),as a rule, the ac-
tion of a spherical converging front on the material is studied; 5by a 

Mach wave front (the result of irregular impact of oblique waves to the 

axis of symmetry or collision of two plane fronts of detonation or shock 

waves); and 6self-organization of the detonation wave profile in the 

explosive charge initiated by the explosion of an electric detonator or a 

detonating cap. 
 Most methods indicate the formation of detonation waves of a speci-
fied profile using two different explosives: an initiating high-velocity 

explosive with a detonation velocity D1 and the main explosive charge 

with a detonation velocity D2 (D1 > D2) [22−24] using systems (or 

methods) of electric or non-electric initiation. 
 Some of the most common schemes of shock wave processing of ma-
terials are shown in Fig. 1. a linear front of a detonation wave sliding 

over a flat surface can be created in several ways, one of which is repre-
sented in Fig. 1, a (1detonator; 2direction of the detonation wave 

front motion; 3linear-wave generator of the explosive charge; 
4origination of the detonation front in the main explosive charge 5; 

6front of the plane detonation wave and its direction 7). One type of 

explosive is used in a device of that kind. 
 A scheme of a plane-wave generator is demonstrated in Fig. 1, b 

(1detonator; 2 and 3plane-wave generator consisting of charges of 

explosive 1 with D1 and explosive 2 with D2 < D1, respectively; 
3, amain explosive charge; 4thrown striker plate; 5test sample; 
6metal matrix to preserve the sample after its shock compression). 
This figure shows the most well-known scheme of an explosive plane 

wave front generator used in the SHM synthesis technology, studies of 

the matter properties at high pressures, and solution of many other 

problems in shock wave physics. 
 A converging cylindrical front of a detonation or shock wave is ob-
tained using generators of various designs. One of their diagrams is 

shown in Fig. 1, c. Shock waves converging to the axis are used mainly 

in experimental physics, i.e., for creating high-power lasers, studying 

cumulative flows, analysing fundamental possibility of obtaining 

thermonuclear temperatures, etc. Following designations are taken for 

the diagram in Fig. 1, c: 1generator of a converging circular front of 

a detonation wave; 2main explosive charge; 3cylindrical work-
piece; 4detonator; 5arrows indicating direction of the detonation 

front motion; 6lens made from an inert substance. Devices with ax-
isymmetric arrangement of elements (cylindrical ampoules) (Fig. 1, d), 
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are used in the technology of synthesis of dense modifications of boron 

nitride, diamond, chaoite, many chemical compounds, crushing of su-
perhard materials, welding and hardening of metals. It is also used in 

studies of regularities of changes in the properties of shock-treated 

substances, hydrodynamic flows of matter behind the shock front, i.e., 

analysis of specific features in the development of vortices and turbu-
lent supersonic flows is an urgent task of modern gas dynamics and 

physics of high energy concentrations. Such problems arise when stud-
ying the entry of space objects into the dense layers of the Earth’s at-
mosphere, etc. It is possible to change a shock wave profile in the pro-
cessed material in cylindrical ampoules by changing the geometric ra-
tios of structural elements and characteristics of explosive charges. 
 Thus, incident shock waves in a porous material can have following 

profiles: they do not reach the axis (weak); meet near the axis (medi-
um); collide near the axis, representing a cone in space (strong); and 

are very strong when the Mach (head) wave front is formed near the 

axis. In the first three examples, the material is processed relatively 

 

Fig. 1. Simplified diagrams of some generators of profiled detonation waves: 
linear-wave (a), plane-wave (b), cylindrical front of a converging detonation 

wave (c), sliding wave front along the generatrix of a cylinder at an angle of 

90 (d), sliding wave front along the generatrix of a cylinder at a given angle 

being less than 90 (e), scheme of an explosive generator with throwing of a 

hemispherical shell (f). 
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evenly across the cross section. In the latter case, the wave front is 

called a three-wave shock configuration, representing a truncated cone 

in space, which smaller base is called the Mach front. The pressure and 

temperature in the Mach wave front are several times higher than the 

pressure and temperature of the incident shock waves. The main ele-
ments of the device are as follows: 1detonator; 2lens; 3explosive 

charge; 4workpiece of a cylindrical shape (a striker pipe, inside 

which there is a container with the material under study and other var-
iants of elements). 
 A similar cylindrical device is demonstrated in the diagram in 

Fig. 1, e. The main designations of structural elements are as follows: 
1detonator; 2lens; 3cylindrical workpiece; 4layer of high-
velocity (active) charge with a detonation velocity D1; 5main explo-
sive charge (passive) with a detonation velocity D2 (D2 < D1); 

6arrow indicating direction of the detonation front motion in the ac-
tive explosive; 7incident front of a detonation wave in the passive 

explosive charge. Unlike the design in Fig. 1, d, the front inclination 

in a device with a generator of a given detonation wave profile Fig. 1, e 

can vary depending on the D2/D1 ratio. 
 First, the issue of technical implementation of the spherical cumula-
tion of detonation waves (implosive explosion) was studied in secrecy 

during the development of the first samples of nuclear weapons. The 

idea was implemented by blasting the explosive charge in the form of a 

ball with electric detonators installed on its surface, equidistant from 

each other. Creation of a spherical converging profile of a detonation 

wave is not a simple process, requiring long-term preparation. To de-
velop extremely high pressures in the materials under study, a method 

for exploding hemispheres was proposed. Figure 1, f shows a diagram 

of an explosive generator with the explosion products that throw a 

metal hemispherical shell [25]. The figure numbers indicate following 

elements of the device: 1generator of a spherical converging detona-
tion wave; 2hemispherical propellant explosive charge; 3air gap; 
4hemispherical steel shell (striker); 5test material; 

6hemispherical metal shell. 
 The experience of the authors of the above-cited works indicates 

that creation of detonation waves (shock waves) with the specified 

front profile does not require necessarily the use of a special device 

with charges of two explosive types. Sometimes, when using explosive 

charges weighing up to 1 kg, it is possible to apply multipoint initia-
tion or a blasting method using metal foils or wires (a current pulse 

with a duration of 10−5−10−7
 s and a density of 104−106

 A·mm−2) as well 
as other designs, which description can be found in [20, 22−26]. 
 Practical implementation of any design of an explosive generator 

requires additional mass of explosives to the main charge, which some-
times amounts to at least half the mass of the main charge. However, 
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use of such generators is expedient for blasting small explosive charg-
es, limited to two or three dozen kilograms, applied in experimental 
physical studies or under industrial conditions in the SHM synthesis or 

pressure treatment of small-size metal structures. Pressure treatment 

of complex-relief surfaces often results in insurmountable technical 
difficulties associated with the shortcomings of modern means of ini-
tiation and properties of explosives. For example, to create a plane 

wave using the scheme in Fig. 1, b, a plane wave generator will require 

1.3−1.7 times more explosive than for the main charge. When using 

small masses of explosives, the problem is solved without any difficul-
ties. However, with an increasing area of the treated surface, the task 

becomes rather demanding and inexpedient both technically and eco-
nomically. 
 The disadvantage of using blasting tools (detonating cap, electric 

detonator, igniter cord, waveguide of a non-electric initiation system, 
etc.) is that detonation in the explosive charge starts at the points of 

contact of the corresponding means of initiation. Simultaneous excita-
tion of a detonation wave (hence, a shock wave in a material) over large 

areas and complex-shape surfaces is currently either not feasible or, at 

best, is associated with great practical difficulties. 
 Testing the strength of samples of multifunctional coatings of air-
craft bodies (missiles) and stability of structures, where it is necessary 

to create low-power pulses with the duration of less than 1 µs, is one of 

the features of simulation modelling of the effects of pulse radiation of 

x-ray combat lasers [27, 28]. The problem here is that it is impossible to 

achieve short pulses when testing real structures with the area of more 

than 1 m2
 by any method of shock-wave action using standard explo-

sives and initiation devices. It is possible to expend a large amount of 

light pulse energy to excite detonation simultaneously on a large area 

surface; however, there have been no reports of the results of such ex-
periments so far. 
 An issue of standardization of experimental studies using explo-
sives, methods, and means of priming remains topical. A problem of 

standardization and methodological support of the experimental works 

as well as testing of light-sensitive compounds and blasting means is 

one of the urgent problems of experimental physics of explosion. 

3. EXPERIMENTAL AND THEORETICAL STUDIES 

A system of laser initiation of explosives is selected as the basis for the 

proposed method of shock-wave processing of materials by profiled 

waves. The method specifics is in simultaneous ignition of the entire 

surface of the light-sensitive explosive composite (LSEC) by an expand-
ed beam of laser pulse radiation. LSEC is ignited over the entire surface 

exposed to radiation. LSEC is applied to the surface of the explosive 
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charge 7 (Fig. 2) or immediately on the surface of the processed materi-
al 7. The surface, on which the light-sensitive layer of the explosive 

composite is applied, and except for the plane, may have other profiles. 
 As it is seen from a simple diagram, a laser beam passes through a 

diaphragm that transmits the central part of the beam, which is char-
acterized by maximum energy. After that, the beam is expanded by a 

diverging lens and irradiates the surface of the light-sensitive compo-
site. This method of initiation is convenient since detonation is excited 

simultaneously on the entire surface exposed to laser radiation. Solid-
state lasers on neodymium-activated glass were used as a radiation 

source (Table 1). Wavelength of radiation is λ = 1.06 µm; pulse dura-
tion at half-maximum is τq = 11 ns. 
 When studying LSEC sensitivity, various types of polymers were 

used, and their concentration varied too. As a result, composites were 

obtained, which critical initiation energy densities were within the 

range of 2.3−40.0 mJ/cm2
 [29−31]. According to [30, 32], the sensitiv-

ity level of such energy-saturated explosive compounds as EC2, EC7, 
EC16, EC17, and LSEC-1 (Ukr. BC2 (VS2), BC7, BC16, BC17, and СВК-
1 (SVK-1)) (Table 2) is 1−2 orders of magnitude higher than the sensi-
tivity of standard primary explosives, e.g., lead azide, lead trinitrore-
sorcinate, and fulminate of mercury. It should be noted that it would 

be impossible to conduct research without synthesized explosive com-

 

Fig. 2. Scheme of initiating a light-sensitive explosive composite by laser ra-
diation: laser beam (1), diaphragm (2), laser beam after diaphragm (3), di-
verging lens (4), scattered laser beam (5), LSEC layer (6), explosive charge or 

the processed material (7). 

TABLE 1. Operating characteristics of lasers. 

Characteristics 
Laser number 

1 2 3 4 

Threshold voltage Uthreshold, V 1400 1450 1400 1400 

Threshold pump energy Еthreshold, J 98 105 101 98 

Output energy of pulse generation Еkp, J 0.18 0.17 0.18 0.19 
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posites, being anomalously sensitive to laser radiation. 
 Pulse laser initiation of regular explosives with different sensitivi-
ties was studied in a number of theoretical and experimental works by 

A. A. Brish, I. A. Galeev, and V. N. Zaitsev, 1966; E. I. Aleksandrov 

and A. G. Vozniuk, 1978; Yu. F. Karabanov and V. K. Bobolev, 1981; 
V. N. Viliunov, 1984, and others. While analysing the results obtained 

in the listed works, it was found that there is no unified measurement 

technique. This circumstance was the basis for the development of a 

new technique for measuring the pulse of explosion products and sen-
sitivity of explosives to laser initiation. Compared with the known 

studies, the new technique has made it possible to improve significant-
ly the measurement accuracy [33]. 
 Following LSECs were used in the experiments: EC2, LSEC-1 based 

on lead azide, and EC17. The attractiveness of using the EC2 composite 

is in its extremely high sensitivity to laser pulse radiation—its initia-
tion threshold is lower than that of pressed lead azide [29, 32]. We 

used EC2 in a limited amount (for the samples with a surface of no 

more than 100 cm2), mainly because of the relatively complex synthesis 

technology. Production of the LSEC-1 composite was technologically 

convenient, since the chemical plant, where the experimental work was 

carried out, produced lead azide. However, the content of lead azide in 

LSEC-1 is the main disadvantage of this composite. Use of composite 

EC17 on an area of up to 0.5 m2
 is stipulated by the fact that it satisfies 

almost all requirements of technical and environmental safety; moreo-
ver, it is characterized by the available initial components and a rela-
tively simple production technology. EC17 is based on such explosive 

substance as urotropine peroxide. Its characteristics are as follows 

[36, 37]: oxygen balance is of −92.2%; explosion heat is of 5080 kJ/kg; 
explosion temperature is of 2370С; and gas volume is of 813 l/kg. It 

detonates from the impact, from the flame of an igniter cord. The min-
imum charge for tetryl is of 0.05 g; the TNT equivalent is 1. 

TABLE 2. Explosive characteristics of some light-sensitive composites 

[29, 30, 34, 35]. 

LSEC 
Density 
ρ, kg/m3 

Detonation 

velocity D, 
m/s 

Critical density of ignition 

energy Е, J/cm2 
Critical energy 

Е, J 

EC2 3000 6500 2.3×10−3 1.1×10−5 

EC7 4600 − 5×10−3 50.3×10−5 

EC16 1100 5100 12×10−3 57.5×10−5 

EC17 1800 6700 40×10−3 136×10−5 

LSEC-1 2100 4850 24×10−3 76×10−5 
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 To obtain a light-sensitive explosive composite and apply it as a coat-
ing on an explosive charge or on a material being processed, the tech-
nology of preparing a viscous base, being a suspension of explosive 

powder in a polymer solution, was used [38]. Explosive composites of 

the EC, LSEC-1 grades and new blasting tools based on them make it 

possible to expand considerably a range of types of blasting operations 

and areas of application of explosion energy. Light-sensitive explosive 

composites of abnormally high sensitivity to pulsed laser action form a 

new class of primary initiating explosives. Depending on the tasks set 

and the conditions for carrying out blasting, detonation in explosive 

charges can be excited either by transmitting a laser pulse through a 

light-fibre cable or through an air atmosphere by direct action of a nar-
row or expanded radiation beam on the surface of a light-sensitive 

composite (Fig. 2). 
 A method of forming profiled detonation waves using LSEC charges 

was tested taking into account dependences of the energy and density 

of ignition energy on the binder component concentration [29, 30] as 

well as dependence of the irradiation spot diameter [39] and ignition 

delay time on the radiation energy density [31, 40, 41]. It was estab-
lished [40] that lead azide sensitivity in a composite (phlegmatized lead 

azide) to mechanical impacts is at the level of secondary initiating ex-
plosives. The results of studies obtained during LSEC initiation by 

plane detonation waves were also taken into account [42−44]. 
 The explosives were manufactured and experimental studies were 

carried out at the State Enterprise “Scientific and Production Associa-
tion ‘Pavlohrad Chemical Plant’”. Trial explosions of small-mass sin-
gle explosive charges were performed both in the explosive section and 

in a special experimental drift. 

3.1. Estimation of Shock-Wave Parameters in the Explosive Charge 

When Initiated by a Plane Detonation Front 

Detonation in the explosive charge (passive explosive charge, PE) is 

excited by the plane front of a detonation wave of the active explosive 

charge (AE), which role is played by the LSEC layer (Fig. 2). Detona-
tion characteristics and dynamic compressibility for PE (hexogen 

charge) are taken from [22]. The calculations were carried out taking 

into account following assumptions about the state behind the front of 

a refracted wave: 1—refracted wave−shock wave. There is no chemical 
reaction behind the wave front. The shock compressibility of PE is lin-
ear and is described by linear equation D = a + bu (where D, u are wave 

and mass velocities, respectively; a is speed of sound; b is constant); 
2—refracted wave—detonation wave. Behind its front, a state of deto-
nation products (DP) is described by a polytropic equation of maximum 

heat release; 3—refraction of the detonation wave from the AE and PE 
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occurs according to the shock wave mechanism; 4—shock adiabat and 

isentrope of AE detonation products coincide. The initial densities of 

AE (ρ01,) and PE (ρ02) are related by the ratio ρ01 > ρ02. 
 The front of a plane detonation wave in the AE layer propagates to 

the interface, whose initial parameters are described by the equations 

[45] 

 ( ) ( )1 1

1 1 1 1 1 11 ,  1 ,H H H HU D K С D K
− −= + = +  (1) 

 ( ) ( ) ( ) ( )1 2 1

1 01 1 1 1 01 1 11 ,  1 ,H H HK K P D K
− −ρ = ρ + = ρ +  (1) 

where UH1 is mass velocity of particles behind the detonation front; CH1 

is speed of sound; DH1 is detonation velocity; ρH1 is density; PH1 is pres-
sure; K is adiabatic index of the detonation products at the Chapman–
Jouguet point for the AE layer. 
 When a detonation wave passes the interface, reflection occurs, as a 

result of which either a shock wave or a rarefaction wave appears in 

DP; in the second explosive (PE), there is a shock wave. Obviously, if 

DP shock compressibility of the AE layer is less than DP shock com-
pressibility of the PE layer, a rarefaction wave will go through the ex-
plosion products of AE and following condition will be satisfied at the 

interface between the layers with different densities 

 = + ∆1 1 1,x HU U m U  (2) 

where Ux1 is speed of the surface motion; ∆U1 is velocity increment of the 

detonation products in the rarefaction wave propagating along DP of 

the AE layer. Increment ∆U1 is determined by the Riemann integral [45]: 

 ∆ = = −
ρ∫ ∫

1 1

1 1
1 1

1 1

.
H x

x H

P U

P U

dP
U dPdU

C
 (3) 

The integration limits are taken from the final pressure Px1 to the ini-
tial pressure PH1. The integrand includes density ρ1 and speed of sound 

C1 in DP of the AE layer. For DP of the AE layer, we will consider the 

isentropic law that relates pressure and density in the expanding deto-
nation products to be valid, i.e., 

 = ρ 1
1 1 1 ,KР A  (4) 

where A1 is AE constant; A1 = Pυ = P/ρ, υH1 = 1/ρH1 are specific volume 

of PD. Then, 

 1 12
1 1 1 1 ,KdP

C A K
d

−= ρ
ρ
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 Having substituted the literal values for ρ1 and C1 from (5) into 

equation (3), after simple transformations, we obtain 
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 However, since C2
 = K1PН1/ρH1 and CH1 = DH1K1/(K1 + 1), 
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 Then, condition (2) will be as follows: 
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 Taking into consideration (1), we can express 
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from here, 
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 By relating the pressure in a rarefaction wave to the magnitude of a 

mass velocity, we will have 

 
− − −

= − ⋅ 
 

1

1

2
2 1

1 1 1
1 1

1 1 1

3 1 1
.

2 2

K

K
x

x H
H

K K U
P P

K K U
 (11) 



 PROFILED DETONATION WAVES IN THE TECHNOLOGIES OF EXPLOSION 1361 

 At the moment of exit of the initiating detonation wave, a mode is 

established at the interface between two explosive layers. In terms of 

this mode, pressure Px2 and corresponding mass velocity Ux2 of parti-
cles in the layer of explosives behind the front of the excited shock or 

detonation wave will be equal to the pressure and mass velocity of the 

expanding detonation products of the PE layer, i.e., 

 1 2,z xP P=  =1 2.x xU U  (12) 

 Consider the case when a refracted wave is a shock wave, there is no 

chemical reaction behind its front, and a state of the shock-compressed 

medium is approximated by the equation 

 = + .D a bu  (13) 

 Shock adiabats of many explosives can be constructed basing on the 

techniques described in [46]. Thus, shock compressibility of explosives 

(TNT, RDX, nitroglycerin, etc.) is of following form [47] 

 = + −
2

0 02 0.1 / ,D C U U C  (14) 

and for salts of various acids, 

 = + −
2

0 01.5 0.05 / .D C U U C  (15) 

 Based on Eq. (13), the relation between pressure and density for ex-
plosives is approximated using following equation 

 
( )
( )

ρ − ρ ρ
=

 − − ρ ρ 

2
0 0

2

0

1 /
,

1 1 /

a
P

B
 (16) 

equations in Theta form  

 ( )0 1 ,
n

P A  = ρ ρ −   (17) 

or equations 

 ( )0 ,
m

P B c= ρ σ +  (18) 

where A, B, n, m, C are compressibility parameters of the PE. The pro-
cedure for transition from equation (16) to equations (17) and (18) is 

described in detail in [48]. 
 Taking into account the laws of conservation of mass, pulse, and en-
ergy described by the gas dynamics equations [49] and one of the shock 

adiabatic equations (16)–(18), we obtain the dependence of pressure on 
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the velocity of medium flow behind the shock wave front. For the shock 

adiabat of form (16), the dependence will be as follows: 

 
( )2 2

2 02

2

4
;

2
x

x

bP U a a
U

b

+ −
=  (19) 

for the shock adiabats of forms (17) and (18), respectively, we obtain 

 ( ) = − +  

1

2 2 02 21 1 / ,n
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 Thus, for the case when a plane detonation wave of the initiating AE 

excites a shock wave in PE, the parameters of the latter are determined 

by joint solution of one of the equations (19)–(21) and equation (9) us-
ing condition (12) on the contact interface between the AE and PE lay-
ers. Equating Ux1 of mass velocity from (9), i.e., Ux1 = Ux2, depending on 

the accepted form of the shock adiabatic equation, we will have 
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 Obviously, solution of any of Eqs. (22)–(24) will be such a value of Px, 
Px1, Px2, when the right and left parts of these equations will be equal. 
This problem is most simply solved graphically by plotting in the P-u 

coordinates an isentrope of DP expansion of the AE layer from the 

Chapman–Jouguet state and a shock adiabat of the analysed explosive. 
 When organizing a numerical solution with the preset degree of ac-
curacy, it is convenient to use an iteration method, taking the value 

Px1 = PH1 as a zero approximation. 
 The performed studies have shown that transition of a detonation 

wave from AE to PE is accompanied by the formation of an overcom-
pressed detonation in the latter, provided that the characteristic di-
mensions of the PE charge exceed the critical ones. An ‘undercom-
pressed’ detonation wave is possible in case when the transition is car-
ried out from a less powerful AE to a more powerful PE; in this con-
text, a detonation mode in the calculations was estimated not from the 

ideal detonation velocities of two explosives but from the pressures in 

the incident and refracted waves. The issue of mutual influence of the 

finite dimensions of the charges of two explosives on the occurrence 

and propagation of incident and refracted detonation waves was not 

considered in this study. 
 The proposed method for estimating and predicting the initial pa-
rameters of the ‘imposed’ detonation is used in gas-dynamic calcula-
tions when selecting the types of explosives in the designs of plane-
wave generators and bilayer explosive charges. 

3.2. Results of the Measurement of LSEC Flash Delay 

When determining the explosion delay time from the beginning of the 

laser pulse action, the dependence of time on the polymer binder con-
tent (Fig. 3) and radiation energy was determined experimentally 

(Fig. 4). Figure 3 represents the dependences of ignition time delay of 

the samples of photosensitive explosive composites on the density of 

laser energy at mass polymer concentration (%). 
 It has been defined experimentally [29] that EC2 samples containing 

15% of polymer demonstrate a longer ignition time delay than the ones 

containing 20%. At first glance, everything should be vice versa. First, 
the area of laser energy release in EC2 samples, containing 15% of pol-
ymer, is smaller than in EC2 with 20%; thus, heating of the subsurface 

layer of the substance in such explosive composites should be carried 

out more efficiently. Secondly, the higher the explosive content in 

LSEC is, the shorter the flash delay time should be. 
 However, according to the results of studies [30], the regularity is 

fundamentally different. In our opinion, the emphasized fact indicates 

that the induction time of LSEC ignition is determined by the time of 

the ignition source formation, and the time of transition from combus-
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tion to detonation is a small part of the total recorded ignition delay 

time. Therefore, laser detonation of LSEC is determined primarily by 

deformation unloading of the substance in the ignition source. 
 Figure 4 shows that the first peak corresponds to the laser pulse, and 

the second one corresponds to the maximum of light radiation emanat-
ing from the explosion products. When LSEC detonation is initiated by 

wide beams (d = 3−4 mm) with a critical laser energy density, no chang-
es are observed on the surface of LSEC sample. When initiated by nar-
row laser beams (d < 1 mm), in case of failure, slight colour changes of 

 

Fig. 3. Dependence of the delay time of LSEC initiation on the energy of laser 

radiation density: EC2 (30%) (1), EC1 (15%) (2), LSEC-1 (30%) (3), LSEC-1 

(20%) (4). 

 

Fig. 4. Oscillogram of the records of LSEC delay time relative to laser pulse (in 

terms of EC17). 
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LSEC occurred; however, no failure of the composite was observed. We 

consider that the nature of the changes indicates that the laser ignition 

process occurs at a low average surface temperature of LSEC. 
 To confirm this conclusion, spectrophotometric measurements of 

the reflection coefficient and absorption index of LSEC were carried 

out. The methods and recommendations given in [38] were applied. 
From practical, economic, and environmental-safety considerations, 
LSEC of EC17 grade (20% of binder) was selected. To measure optical 
properties, the EC17 sample was exposed to radiation from a low-
power laser with a radiation wavelength of 1.06 µm. The angle of radi-
ation incidence did not exceed 5° relative to the normal. It has been 

found that the diffuse reflection coefficient of LSEC samples is ≅ 80%. 
The intensity peaks of the reflected light in front of LSEC sample cor-
respond to the reflection from the lacquer that was used when coating 

LSEC on glass. A large value of the diffuse reflection coefficient is not 

unique; most likely it confirms the fact that explosives have high re-
flectivity at the laser wavelength, λ = 1.06 µm. The absorption index is 

at the level of about 100 cm−1. Unfortunately, the exact value of the 

index could not be determined due to practical difficulties in fabricat-
ing thin and translucent LSEC samples. 
 The nature of energy density distribution in the laser beam in the 

horizontal and vertical profiles corresponds to the normal distribution 

law (Fig. 5). 
 In terms of EC2 with a binder concentration of 20% (as a composite 

with anomalous sensitivity to laser radiation), having heat capacity 

Cp ≅ 0.4 J/g⋅K, density ρ = 4.0 g/cm3
 at the critical impact energy densi-

  
a b 

Fig. 5. Distribution of energy density in a laser beam: in a print (a), horizontal 
and vertical profile (b). 
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ty Еkр ≅ 0.5 J/cm2, the heating temperature is approximately equal to: 

( ) ( )1 / 56 K.kp pT E R k C∆ ≅ + ρ =  

 Naturally, such a heating temperature cannot be the reason for 

LSEC ignition and a stimulus for phase transformations. 
 On the other hand, a heating temperature of optical absorbing mi-
croinhomogeneities (in our case, copper inclusions) can reach a much 

higher value. However, dependences of the ignition delay time on the 

energy density of laser radiation and sensitivity of EC on the binder 

concentration contradict the hypothesis of a ‘purely thermal mecha-
nism of the EC ignition’, which occurs because of heating of optical mi-
croinhomogeneities. 
 The entire complex of experimental data indicates that LSEC igni-
tion by short laser pulses depends largely on the material unloading by 

rarefaction waves. In our opinion, initiation is carried out according to 

the following mechanism. As a result of rapid heating of optical inho-
mogeneities (≅ 10 ns), due to thermoelastic stresses, shear defor-
mations of a crystalline lattice occur in the microvolumes of the explo-
sive adjacent to the inhomogeneities, being the cause of elementary 

chemical transformations; consequently, certain conditions arise for 

the formation of ignition centres. This statement is consistent with the 

results of quantum-mechanical calculations [50], in which, using the 

example of the simplest initiating explosive (silver azide), it was 

shown that crystalline structure decomposition (the interaction of 3N−
 

groups) can occur during shear deformation of the crystalline lattice 

(Fig. 6). Therefore, the substance unloading due to rarefaction waves, 
leads to the deformation relaxation of the material; consequently, it is 

the reason for ‘quenching’ of the reaction of blasting transformation 

of explosives. In the linear structure, N N N
e

≡ ≡ , the outermost N at-
oms are trivalent; their bound electrons are in the 1s22s2

 states; and the 

central atom is pentavalent, containing electrons in the 1s2
 states. 

Thus, nitrogen atoms donate 5 electrons to the formation of a chemical 
bond, and the sixth electron is external, ‘acquired’ in the process of 

substance synthesis from the Ag atom. In general, AgN3 is an ionic 

crystal [51]. 
 When calculating the electronic therm of an ion 3N− , it was assumed 

that valence electrons occupy the states of (1/2, 0, 0), (3/2, 0, 0), and 

(5/2, 0, 0). Angle α 
in the normal lattice state is 45°. The calculations 

assumed the change in angle α within the range of 45°−75°. This corre-
sponds to shear deformations of the lattice within the range of an-
gles 0°−30°. As we can see from the results shown in Fig. 6, an increase 

in lattice deformation results in a decreasing minimum energy therm 
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as well as in an increasing internuclear distance. Thus, deformation of 

the silver crystalline lattice is the cause of violation of group stability 

3N− , resulting in its decomposition (ionization) and, consequently, in 

the formation of chemically active radicals N3, which interaction caus-
es explosion blasting in terms of dense packing of atoms of a solid. 

Along with these calculations, the lattice stability was calculated un-
der conditions of available interstitial defects by Ag ions in it. It is 

shown that in this case, when the lattice is deformed, its stability is re-
duced significantly. 

3.3. Measurement of the LSEC Explosion Pulses 

One of the most complicated problems in mechanics is study of the sta-
bility of structures that take the shock-wave loads. Rapid change in 

process parameters over time, available wave fronts, and formation of 

plastic zones in the material of constructionall the factors compli-
cates significantly the study and makes us resort to a number of sim-
plifying assumptions and hypotheses, being subject to experimental 
verification. In this regard, the role of experimental studies increases; 
they make it possible to obtain the necessary data on the material and 

structure behaviour under conditions of pulse action. 
 Particularly great difficulties arise in the studies dealing with the 

impact experienced by the structures from submicrosecond pulses of 

moderate intensity0.1−1.0 kPa⋅s as there are no experimental meth-
ods for generating pulses of the specified range over large areas (more 

 

Fig. 6. Calculation of the AgN3 structure stability during its deformation (an-
gle α): 45 (1), 55 (2), 65 (3), 75 (4). 
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than 1 m2). For instance, such well-known shock-wave methods as hy-
draulic impact [27], air [52] and underwater explosion [53], and electric 

foil explosion [54] cannot implement fundamentally such an impact. 
 The interest in simultaneous initiation of the entire surface of an ex-
plosive layer coated over a large area is stipulated by the need for exper-
imental modelling to simulate structural response of a material under 

the action of high-power pulsed x-ray radiation [55]. When the product 

surface is exposed to x-rays, the material evaporates as a result of rapid 

heating and generates a shock wave in the structure of the material, 
causing external and internal failures. While understanding the causes 

and mechanisms of destabilization of the system functioning to coun-
teract them, various measures are taken at the design stage [56]. 
 To implement a method of shock-wave treatment with a plane front 

of a detonation wave, a method of point initiation was excluded; a 

method was required for initiating a corresponding very sensitive ex-
plosive to a light pulse by a flash of light [57]. Paper [58] used a thin 

coating of silver–acetylene–nitrate silver explosive covering a rela-
tively large area (up to 70 cm2). The total duration of the light pulse 

exposure was about 6 µs. However, an impact with the duration of less 

than one microsecond can be satisfactory, which was not achieved by 

the authors of [59]. To simulate subshort pulses, it is necessary to 

search for new explosives being anomalously sensitive to the initiating 

action of a pulse light source. In this context, laser initiation of plane 

charges (diameter is 4.0 cm; thickness is 0.5 cm) made from a mixture 

of highly dispersed RDX and aluminium powders was studied in [60]. 

The energy density of laser radiation was 10 J/cm2, more than two or-
ders of magnitude higher than the values given in Table 2 for explosive 

composites [38]. To ignite by low-energy laser initiation, active re-
search is being carried out to find safe primary explosives with low 

sensitivity to other initiating sources [61, 62]. 
 To assess the possibility of achieving the required loading parame-
ters, following conditions were accepted. A layer of explosives of 

thickness l is coated on the flat surface of the barrier under study. De-
pending on the type of explosive used, thickness of its layer, amount of 

the binder polymer, and wavelength of the initiating radiation, volu-
metric or surface ignition of the explosive is possible. In case of volu-
metric ignition, the explosive transformation covers simultaneously 

the entire explosive layer, since the pressure duration of the explosion 

products will depend on the propagation time of a rarefaction wave 

through the explosion products. The pressure on the barrier begins to 

drop when the wave is reflected from the barrier surface. 
 A satisfactory approximation for determining the transferred pulse 

magnitude can be the well-known solution of the problem of expansion 

of instantaneous detonation products [45]. A value of the pulse density 

is calculated by the formula 
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 ( )= ξ
1/2

2 ,s s sJ m E  (25) 

where ms is mass of explosives per unit surface; Es is internal energy of 

the detonation products; ξ is coefficient of proportionality, depending 

on the exponent of the adiabatic of the explosion products. 
 We can assume approximately that the value of Es is proportional to 

the energy of chemical transformation at a constant volume Q. We 

consider that the adiabatic index of the explosion products is γ = 3. For 

this γ value, the proportionality coefficient is ξ = 0.865. Considering 

that = ρ ,sm l = ρ ,sE Q l we find from equation (25) that 

 ( )= ξ ρ/ ,sl J Q  (26) 

where ρ is density of the explosive. 
 Take lead azide as an example (ρ = 4200 kg/m3, Q = 1667 kJ/kg) and 

determine the thickness of an explosive layer, which explosion gener-
ates a specific pulse of 0.1−1.0 kPa⋅s. It follows from (26) that 

l ≈ 0.02−0.2 mm. The time of pressure action on the barrier can be es-
timated as follows: 

 + ≥ 1 / .Ht C  (27) 

CH is speed of sound in the explosion products. This estimate is valid 

since the barrier pressure after arrival of a rarefaction wave changes 

inversely proportionally to t3
 [45] 

 ( ) ( )+ ≥
3

/ 1 / .H HP P C  (28) 

 Having substituted CH = 3700 m/s, l ≈ 0.02−0.2 mm in (28), we get 

t ≥ 10−8−10−7
 s. Taking into account that the action of a detonation wave 

starts at the moment of its arrival to the wall and continues during the 

expansion time of the products in a rarefaction wave following a deto-
nation wave, we can assume that the loading time will not exceed the 

values given above. 
 When the explosive surface is initiated, the plane front of a detona-
tion wave propagates along the normal to the surface. The impact of 

the detonation product pressure begins at the moment a detonation 

wave arrives at the barrier surface (t = l/D, where D is detonation ve-
locity of the explosive charge) and corresponds to the propagation time 

of a rarefaction wave through the explosion products. 
 The density of pulse transmitted to the barrier (rigid wall) is deter-
mined by the expression 

 = ρ8 / 27.sJ lD  (29) 

 Estimation of the explosive layer thickness according to expression 
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(29) (D = 5500 m/s for ρ = 4200 kg/m3
 [63]) results in l ≈ 0.015−0.15 

cm. Thus, to implement the pulse density 0.1−1.0 kPa⋅s, the coating 

thickness is obtained, if lead azide is used. Both considered schemes of 

explosive transformation of explosives give practically the same re-
sults. In real conditions, when using standard explosives, blasting de-
vices, and initiation systems, it is fundamentally impossible to apply a 

layer of lead azide and initiate its entire surface. However, despite 

this, there is a way to achieve the required parameters of pressure 

pulses; it is based on laser initiation of detonation in coatings of light-
sensitive explosive composites [64, 65]. Four LSECs that meet the re-
quirements are represented in the following order: EC2—4⋅10−3

 J/cm2
 

(2.5 m2), EC7—5⋅10−3
 J/cm2

 (2.0 m2), EC16—8⋅10−3
 J/cm2

 (1.25 m2), 
EC17—40⋅10−3

 J/cm2
 (0.25 m2). 

 The information in parentheses indicates the maximum possible are-
as of initiation by a laser pulse with the energy of 100 J. Figure 7 and 

Figure 8 show the dependences Js(ms) for some LSECs. Experimental 
data were processed by the least squares method. As we can see from the 

figure, in terms of the same EC mass density, the maximum pulse of the 

explosion products is implemented upon laser initiation of VS17, which 

is smaller when VS2 is blasted; it is the lowest one when EC7 is blasted. 
On the other hand, extrapolation of the dependence Is(ms) at ms→0 

(dashed lines) shows that Is(ms) does not tend to zero, as it follows from 

the theory [49]. This means that a part of EC mass does not make a sig-
nificant contribution to the recorded load pulse. Undoubtedly, this 

  
a b 

Fig. 7. Changes in the pressure pulse density depending on: LSEC grade [43] 
(1EC2, 2EC17, 3EC7) (a); surface density of the mass at different con-
centration of binder material in composite EC2 (110%, 220%, 330%, 
440%) (b). 
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mass is consumed during the transition from combustion to detonation. 
 Figure 7 shows that along with the decreasing LSEC coating thick-
ness, the pulse density goes down linearly. However, there are physico-
chemical limitations that do not allow obtaining arbitrarily small puls-
es. There is a certain coating thickness for each LSEC, at which detona-
tion cannot be initiated even at such laser radiation energy densities 

that correspond to critical values of undermining massive (thick) sam-
ples at an increasing energy density of the initiating laser pulse. A fur-
ther decrease in Js is possible, but this reduces the possibilities of a 

loading method as a whole since the LSEC ignition area decreases. 
When undermining EC2 coating with a surface density of 

ms = 30 mg/cm2
 (Fig. 7, a), the minimum value Js = 0.08 kPa⋅s was ob-

tained. During the experiments, Js does not tend to zero at ms→0, since 

it is due to the fact that the products of chemical reaction of some part 

of LSEC mass are consumed during the transition from combustion to 

detonation and do not contribute to the recorded pulse. 
 Figure 7, b demonstrates the results of measurements of pulse den-
sity as a function of the polymer mass concentration Cm for EC2 within 

the range from 10% to 40%. It can be seen that the increasing binder 

concentration results in the decreasing tangent of the slope of straight 

lines to ms axis. This means that the EC detonation velocity decreases 

with the increasing polymer concentration. In addition, the material 
consumption for transition from combustion to detonation increases 

along with growing Cm. A pulse of a specified density can be imple-

  
a b 

Fig. 8. Dependence of the pressure pulse density on the LSEC surface density: 
аlead azide; blead azide + 20% of polymer (a); dependence of pulse density 

on the LSEC coating thickness: 1EC7; 2EC2; 3EC16, 4EC17 (b). 
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mented using any of the represented explosive composites. For the 

same values of surface density ms, the pulse durations of each of the 

composites will be different. To obtain the same pulse density, coatings 

of different thicknesses are required, i.e., using composites of differ-
ent formulations, it is possible to change the exposure duration in a 

certain range. 
 The pulse was determined using a pendulum [66, 67] on the samples 

with a surface mass density (10−100 mg/cm2) of the composite. The 

voltage oscillograms show that the plane front of a shock wave degen-
erates into the spherical one [68]. This is indicated by the presence of a 

rarefaction region following the compression region. The compression 

pulse duration grows along with an increasing thickness of the compo-
site coating. Within the specified range of the composite surface den-
sity (EC2, LSEC-1, EC17), the pulse duration did not exceed 0.7 µs. 
 A composite based on lead azide (LSEC-1), along with the composites 

of EC grade, can be used in studies of the resistance of structures to 

short (less than 1 µs) loads. However, only composite EC2 manages to 

receive loads within the range of pulse densities being 0.08−1 kPa⋅s. 
 Thus, the proposed method of loading, based on laser detonation of 

explosive compounds, makes it possible to obtain submicrosecond puls-
es with the intensity of 0.1−1.0 kPa⋅s. Taking into consideration the 

peculiarities of laser initiation, this method can be used when testing 

materials for strength. 
 The measurement error did not exceed 7%. The pendulum disks were 

made from those materials, for which it was necessary to obtain the 

characteristic dependences of the pulse density Js on the LSEC surface 

density ms. The dependences Js(ms) represented below correspond to 

the loading of steel specimens. When measuring pulses, the same sam-
ples were used as in the study of sensitivity. The laser beam expanded, 
and the energy density at the centre of the beam exceeded by no more 

than 20% the energy density at the sample periphery. In addition, the 

average radiation energy density on the sample was twice the critical 
value. In this case, there was plane blasting of EC specimens, which 

was confirmed by the failure pattern of the materials loaded during the 

blasting of coatings made from EC grade composites with the area of 1 

and 20 cm2. 

3.4. Plane and Linear Shock Waves 

The method was tested by exposing a sample consisting of a three-layer 

material (Table 3) to a plane-wave front formed by a profiled detona-
tion wave in the LSEC layer (Fig. 2). The first and second layers of the 

package were composite materials (CM). A polymer adhesive with a 

polymerization temperature of ≅ 250°C was used to connect firmly the 

layers. Experimental samples were made in the form of ∅ 50 mm circle. 
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A LSEC coating of EC2 with a thickness of 1.2−1.5 mm was applied to 

the CM surface. The laser beam diameter was 70 mm; the average ener-
gy density in the beam was 1.5−2 times higher than the EC2 sensitivi-
ty. The features of impact of various-profile shock waves on the mate-
rial were studied by a comparative analysis of the pattern of three-
layer material failure (Fig. 7). 
 When a plane detonation wave front was formed by the action of a 

laser pulse on LSEC or a plane shock wave in a target consisting of sev-
eral layers of different materials, simple estimate was made concern-
ing the minimum loading area size. It was assumed that the maximum 

tensile stresses in the material arise at the moment of the reverse rare-
faction wave arrival on the sample surface. This time can be estimated 

from the formula 

( ) ( )= + min/ / ,p sht r D r C  

where r is sample thickness, Dsh is shock wave velocity, Cmin is mini-
mum value of the speed of sound of the materials included in the sam-
ple. Obviously, such an estimate gives an overestimated value of tp. 
 The maximum distance, to which a lateral rarefaction wave will 
propagate during this time, will not exceed the value of d = Cmaxtp, 

where Cmax is maximum value of the speed of sound. 
 Thus, to ensure the impact of the shock wave plane front on MFP, it 

is necessary that the size of area loaded by a plane wave exceeds the d 

value. Basing on this condition, it follows that the plane loading condi-
tion is ensured on a site, which diameter is not less than 

 ( ) ( ){ }max min2 / / 50 mm.shd C r D r C= + =   

Here, the shock wave velocity was taken equal to the detonation veloci-
ty of the light-sensitive explosive composite used in the experiment 

(Dsh = 6500 m/s). 
 To obtain a plane shock wave front, the sample was mounted in such 

TABLE 3. Characteristics of coatings. 

Coating material Material composition Thickness, mm Speed of sound, m/s 

MFP-1 
Carbolon 
TTP-KS 
AMG-6 

3 
3 

2.5 

1250 
800 
1900 

MFP-2 
UP-E 

TTP-KS 
AMG-6 

3 
3 

2.5 

950 
80 

1900 
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a way that, under the action of a light pulse, detonation was excited 

simultaneously on the entire LSEC irradiated surface (Fig. 2). In this 

way, a plane detonation wave was formed, propagating along the nor-
mal to the surface of a three-layer coating sample (MFP). Interaction 

of a direct rarefaction wave following a shock wave and a backward 

wave that occurs, when a shock wave reaches the rear surface of the 

sample led to delamination of the central part of the three-layer pack-
age along the boundary of the first (Ι) and second (ΙΙ) composite materi-
al. At the periphery of the sample, delamination was observed along 

the boundary of the second and aluminium layers (ΙΙΙ); it is explained 

by the influence of a lateral unloading wave on the material defor-
mation process. Thus, as a result of the plane-wave action of a shock 

wave, the aluminium plate delaminates (Fig. 9, a). 
 To obtain sliding detonation waves, a part of the surface of film 

charges was covered with a screen. In this context, an annular detona-
tion wave, converging to the sample centre, impacted as follows. The 

central sample part was covered with an opaque screen (black paper) in 

the form of a circle; its diameter was 2 mm smaller than the diameter 

of LSEC coating and, accordingly, the sample. Thus, the LSEC initia-
tion occurred along a ring of 1 mm thick. The failure pattern differs 

from the one of the entire sample surface by a plane wave front. Along 

with the package delamination along the boundary (I)−(II), one can ob-
serve a rupture of the upper material along a circle with the diameter 

 

Fig. 9. Failure pattern of a three-layer material sample influenced by a shock 

wave: plane wave (a), wave converging to the centre (b), wave diverging from 

the centre (c), linear wave (d), open LSEC surface (1), screen (2), detonation 

front (dashed line) (3), direction of the front movement (arrows) (4). 
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of ≅ 40 mm. This discontinuity is stipulated by the action of a lateral 
rarefaction wave following the material behind an oblique shock wave 

moving towards the sample centre. The failure pattern is shown in 

(Fig. 9, b). 
 A detonation wave front diverging from the sample centre to its pe-
riphery (an annular wave front) was formed by laser initiation of the 

LSEC layer in the sample centre, which was covered preliminarily with 

paper with a central hole of 4 mm in diameter. Interaction of a rarefac-
tion wave following an oblique shock wave and a rarefaction wave gen-
erated by the reflection of an oblique shock wave from the rear side of 

the packet leads to the sample delamination along the boundary 

(I)−(II). The output of a shock wave on the lateral surface of the three-
layer package generates an unloading wave, which interaction with a 

rarefaction wave results in breaking of the outer material of the pack-
age. Typical failure pattern is shown in Fig. 9, c. 
 A sliding linear detonation wave was obtained by laser illumination 

of an open segment being 12.5 mm high (Fig. 9, d). Obviously, the fail-
ure pattern is determined by the profile of a sliding detonation wave. 
As we can see in Fig. 9, the failure pattern depends on the initiation 

conditions. The results of the experiments indicate that use of screens 

makes it possible to form a sliding detonation wave front from a linear 

shape to any configuration that is necessary to solve the problems of 

shock wave processing of materials. 
 The methodology for studying the effect of a plane detonation front 

on the stability of materials (especially the multilayer ones) was com-
plemented by certain changes in the values of pulses affecting the ma-
terials. The pulses were changed by altering the mass of a photosensi-
tive explosive composite. 
 An analysis of the obtained experimental results showed that the 

pattern of shock-wave failure of the outer layer of the MFP sample de-
pends on the pulse magnitude of the acting shock wave [69, 70]. Thus, 
failure of carbolone (MFP-1) is observed when loading with a pulse of 

1.42 kPa⋅s, and failure of UP-E is observed at 0.58 and 1.42 kPa⋅s. Re-
gardless of the pulse magnitude, a plate from AMG-6 is detached from 

the middle layer of the MFPTTP-KS. When loaded with pulses of 0.3 

and 0.58 kPa⋅s, detachment occurs at the place of gluing; at 1.42 kPa⋅s, 
the AMG-6 plate detaches from MFP as a result of failure of the middle 

layerTTP-KS. 
 Different pattern of the plate detachment from AMG-6 is explained 

by different magnitude of a load pulse. At low pulse values, as a result 

of interacting incident and reflected rarefaction waves, the maximum 

tensile stresses arise in a plane located near the rear side of MFP, lead-
ing to AMG plate delamination from TTP-CS within the gluing area. 
At high values of pulses, the plane of maximum tensile stresses is clos-
er to the middle layer of CM, resulting in its failure. 
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 Failure pattern of the second layer of the substance indicates that 

laser initiation of a large-area of LSEC surface results actually in 

plane-wave loading of materials. Rupture of the second layer of MFP 

material at maximum loads as well as its plane geometry indicates that 

plane rarefaction wavesincident and reflected onesplay a decisive 

role in the destruction process. The results of the experiments specify 

the decisive role of the interaction of rarefaction waves in the process 

of material failure under mechanical pulse loads [71]. The main idea of 

these experiments was to change the place where rarefaction waves 

meet by using a liquid as a damper, which linear size towards normal to 

the sample surface exceeded significantly the sample thickness. The 

wave impedance of the damper had to correspond to the wave imped-
ance of AMG-6 to exclude the formation of a reflected shock wave. 
 While performing studies with laser initiation by light-sensitive 

composites, it should be noted that an increase in the binder material 
concentration is accompanied by growing transparency of the LSEC 

samples along with the increasing area of radiation exposure to the 

material, being similar to an increase in the sample thicknesses. The 

process of laser ignition is determined largely by radiation scattering 

in the LSEC samples. A dependence of LSEC sensitivity on the thick-
ness was identified, indicating a significant role of an unloading wave 

in the initiation and development of a chemical reaction in the bulk ex-
plosive composite. 

3.5. Converging Cylindrical Shock Waves 

Scientific interest in converging cylindrical detonation and shock 

waves was initiated by the results of studies published within the peri-
od of 1940s−1950s. Thus, for the first time, G. Guderley proposed a 

physical and mathematical model of a converging cylindrical front of a 

shock wave [72]. L. D. Landau and K. P. Staniukovich established an 

asymptotic law of pressure growth as the axis of a cylindrical detona-
tion wave front is approached; the law is described in Ref. [45]. Ya. B. 
Zeldovich proposed a scenario for the onset of the convergence process 

and a mechanism for amplification of the cylindrical detonation wave 

front [73]. 
 The relevance of studies concerning the problem of stability of con-
verging cylindrical and spherical shock and detonation waves is evi-
denced by the results of studies analysing stability of cylindrical con-
verging detonation waves in a gaseous explosive [74], in air [75] as well 
as studies of the patterns of motion and causes of instability, which 

affects principally the energy concentration behind the front of a con-
verging shock wave [76] with the allowance for nonlinear heat conduc-
tion [77]. In this context, studies of cumulation, pulse, and energy in 

converging shock waves were especially actively developed; attention 
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was paid to flows in the vicinity of the transition point of an overcom-
pressed cylindrical and spherical detonation wave to the Chapman–
Jouguet regime [78−80]. 
 A converging cylindrical detonation wave is formed according to the 

principle of the formation of a plane-wave front in the LSEC charge. 
The experiment was distinguished by the fact that the outer lateral sur-
face of a cylindrical steel pipe with the applied LSEC layer was covered 

with laser radiation (Fig. 10). If a similar scheme of the experiment de-
scribed in [71] provides for adjustment of the laser beam path using 12 

interdependent elements (mirrors, diaphragms, diverging lenses, di-
viding plates), the device in Fig. 10 has only two elements of that kind: 
a diaphragm and a lens; however, four (or three) lasers are used. 
 The studies dealing with the formation of a converging front of a 

cylindrical shock wave [81] used the idea of initiating detonation of the 

entire LSEC surface exposed to laser radiation [64]. The following pos-
itive results were obtained in studies [81]. The excitation of detonation 

occurred simultaneously on the lateral surface of a cylindrical contain-
er. Evidence of strictly symmetrical compression is the position of the 

container after the explosion—at the site of its installation before ex-
plosion. The shocked material was preserved, and the container was 

not damaged. The calculated values of the shock wave parameters were 

achieved; they corresponded to the p, T-conditions for the transition of 

 

Fig. 10. Scheme of a device for forming a converging front of a cylindrical 
detonation (shock) wave: laser (1), diaphragm (installation level—0.3) (2), 

diverging lens (3), expanded laser beam (4), LSEC layer covering a lateral sur-
face of a cylindrical pipe (diameter is 30 cm; wall thickness is 0.7 cm; height is 

30 cm) (5). 
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graphite into diamond. One laser and 13 interdependent elements (5 

mirrors, 1 diaphragm, 4 lenses, 3 dividing plates, and 1 diaphragm) 
were used in the cylindrical wave formation scheme, which complicat-
ed significantly the adjustment of the laser path. 
 A device diagram shown in Fig. 10 distinguishes with a simpler set-
up of the laser path, which runs separately from each of the four la-
sers. The beams of four lasers included in a single electronic network 

with almost identical energy characteristics (Table 1) irradiate syn-
chronously the lateral surface of a cylindrical pipe, on which the LSEC 

layer, being 1.7−2.2 mm thick, is applied. If EC17 is used, the exposure 

time is 0.25−0.3 µs. As a result of laser pulse radiation, the LSEC lat-
eral surface detonates simultaneously. After the LSEC explosion, the 

cylindrical pipe remained at the place of its installation, which indi-
cates a uniform shock-wave compression of the lateral surface of the 

pipe. Maximum duration of impact pressure is about 0.1 µs. 
 Since the energy distribution in the beam is consistent with the 

Gaussian distribution (Fig. 5), when the beam is expanded by a lens, 

the distribution will also be Gaussian but extended along with the in-
creasing area. The energy density distribution in a Gaussian beam with 

radial symmetry can be specified as [82]: 

 ( )  
= − πσ σ 

2

2 2
exp .

2 2

W r
E r  (30) 

Function (30) is normalized to the total laser pulse energy 

( )
0

2 .W E r rdr W
∞

π =∫  Parameter σ determines the Gaussian curve 

shape; there is a specific value for each laser installation. 
 As a rule, the experiments on LSEC laser initiation involve Gaussian 

beams limited by a diaphragm in terms of the radiation intensity level 
p. The diaphragm radius is determined from the condition: 

 
( )
( )

 
= = − σ 

2
0

2
exp ,

0 2

E r r
p

E
 (31) 

where ( ) ( )20 2E W= πσ  is energy density at the beam centre. 
 Since the unexpanded beam passes through the diaphragm, the beam 

radius, at the intensity level p, is determined by the expression 

 ( )= σ −2
0 2 ln 1 .r p  (32) 

 From (32), express the Gaussian parameter σ in terms of radius rр of 

the expanded beam at level p in some section of the beam 

( ) 0.5
2 ln 1 .r p

−
σ =  −    
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 The expanded beam radius at distance R from the focus of the lens is 

expressed as follows 

 = ,
2p

d
r R

F
 (33) 

where d is diaphragm diameter, F is focal length of the lens, R is dis-
tance from the lens focus to the pipe axis. 
 We select rр so that the expanded beam illuminates the entire sur-
face of a cylinder, visible from the laser installation site. In addition, 
its beam radius must be more than half the diagonal of the axial section 

of the cylindrical pipe (according to the practice, by 10−15%): 

 ( )> +
221

2 ,
2pr H r  (34) 

where H is height of the pipe, r is radius of the cylinder. 
 The distribution function of the laser energy density was calculated 

using the initial geometric characteristics of the pipe, the distance 

from the lens focus to the pipe axis being 1000 cm, the height being 

z = H/2, and the energy characteristics of laser radiation. 
 The minimum value of the distribution function E is 2.162⋅10−4

 

cm−2, the maximum one is 2.516 10−4
 cm−2. 

 Let us estimate the energy value of the laser pulse. Energy density 

distribution is 

 ( ), ,E z EWθ =  (35) 

where W is total energy per pulse. 
 We select a value of the critical energy density for LSEC; moreover, 

we select the maximum of the given values in Table 2: 

( ) 2, 40 mJ / cm .E zθ =  

 Energy W falls on each of the four sides; we will find the energy 

from (35) 

 ( )4 , / .W E z E= θ   

 While substituting the numerical values, we determine 

W = 40 mJ/cm2/2.162·10−4
 cm−2

 ≈ 183 J. Such a pulse energy value is 

quite achievable by stationary laser installations, which can be used 

during industrial application of the laser initiation method for dynam-
ic pressure processing. 
 Explosive composites, being photosensitive to a laser pulse, and new 

means of blasting and detonation initiation developed on their basis 
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make it possible to perform shock-wave processing of materials in 

terms of cylindrical cumulation of shock waves and, at the same time, 

preserve reliably the material after its shock compression. 

4. CONCLUSIONS 

Formation of detonation and shock waves of a specified profile makes 

it possible to increase significantly the dimensions and, accordingly, 
the workpiece surface, reduce the mass of explosives consumed, auto-
mate the process of explosion preparation and conduct, increase a de-
gree of personnel safety, improve significantly the accuracy of blast-
ing, and enhance environmentally positive effect when using ‘green’ 
light-sensitive composites. A laser method of detonation excitation 

helps standardize future physical experiments on the material pro-
cessing by shock waves. 
 The effect of laser initiation of a converging cylindrical front of a 

detonation wave in a thin layer of a cylindrical LSEC charge is advisable 

to use for developing a methodology to test strength of materials of var-
ious airframes, stability of cylindrical shells (structures). The use of 

unique explosive characteristics of light-sensitive explosive composites 

and a laser method of detonation excitation of the whole surface coated 

with the composite can simulate quite satisfactorily the pulse effects 

(less than 1 µs) of x-ray and ultraviolet radiation from the combat laser 

systems on the area (up to 4 m2). This technique is the only one that al-
lows loading simultaneously the structure surface and implementing 

the required parameters of pulse loading. The research was tested dur-
ing strength tests of multifunctional coatings of missile bodies. 
 Studies of the ignition process of light-sensitive explosive compo-
sites with wide laser beams have made it possible to develop a method 

for influencing materials with profiled shock waves for throwing plates 

and shells, and strengthening the complex-surface materials. Metal 
shells were tested for strength under the action of pulse mechanical 
loads of microsecond duration and moderate intensity of 0.1–1.0 kPa⋅s. 
 The uniqueness of the technique for initiating detonation in explo-
sive charges with a specified wave front profile makes it possible to 

simulate fully the real action of an x-ray laser on a test sample, being 

one of the important means of modelling the structural response of 

high-power pulsed x-ray radiation; in addition, it is possible while us-
ing an experimental laser with the power of about 1000 less than the 

combat one. That also helps widen a range of products in the field of 

metal hardening by explosion, especially in terms of large-sized prod-
ucts. 
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