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Abstract 

Detonation metrology is essential for the development of energetic materials, to 

characterize existing explosives, and to characterize materials behavior under high pressures. 

This work aimed to develop metrology based on optical fibers probes to be applied on the 

characterization of the detonation and/or shock process, as well as based on a light 

converting system that is not expensive and which signals are easy to read. 

To achieve these objectives, multimode PMMA optical fibers (250 µm diameter) 

working as bare or protected probes, with stainless steel tubes, were tested. Two working 

methods, in terms of radiation generation, were applied and discussed. In the optical passive 

method (OPM), the optical fiber probes capture the radiation generated by the 

detonation/shock process, originating a positive electrical signal. The optical active method 

(OAM) consists of transmitting laser radiation (660 nm) through the optical fiber probes that 

lose their transmission properties when shocked by a detonation or shock wave, which 

originate negative electrical signals. 

The different probes and methods were extensively studied to determine their 

limitations and were used to determine detonation velocity and pressure of Seismoplast, a 

PETN-based explosive with a density of 1.56 g/cm3. These limitations make that different 

probes have to be used on the OAM, according to the parameter that is desired to measure 

and to the shape of the charge. 

To find the PCJ, the movements x(t) of the shock waves generated by the 

detonation of Seismoplast in three inert materials were characterized. With the 

explosive/inert material interface shock velocities were possible to find the pressures and 

particle velocities and, through the impedance matching technique (IMT) it was determined 

the CJ pressure of Seismoplast. 

For rectangular cross-section charges using the OPM with the two different 

probes, the detonation velocities of Seismoplast obtained ranged from 7237 to 7336 m/s, 

with standard deviations between 1.1 and 6.0 %. For the active optical method, the 

experimental results for detonation velocity varied between 7258 and 7367 m/s and were 

obtained with a standard deviation range of 0.6 to 1.7 %.  



 

 

Optical Fiber Metrology for Detonation Characterization of Energetic Materials  

 

 

iv  2021 

 

The OAM with bare optical probes was used to measure the induced shock wave 

velocities generated by Seismoplast on different thicknesses of PMMA (1–9 mm), 

aluminum, and copper (1–7 mm). Based on the shock wave velocities at the interfaces 

between the explosive and the inert barriers, the CJ pressure of Seismoplast was determined 

as 21.2 GPa. Based on the CJ point (PCJ, uP, CJ) and using an empirical method proposed by 

Cooper, it was possible to estimate the Hugoniot of detonation products of Seismoplast. 

The OAM, with bare and protected optical probes, was used to determine the 

detonation velocity of two other compositions, HWC (based on RDX) with a density of 1.68 

g/cm3, and TKX-50, an energetic ionic salt with a density of 1.70 g/cm3. This method with 

bare optical probes was also used to estimate the detonation pressure of TKX-50. 

 

 

 

Keywords Detonation and shock physics, PETN-based explosive, 
Optical fiber metrology; Detonation velocity, CJ pressure. 
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Resumo 

A metrologia da detonação é essencial para o desenvolvimento de materiais 

energéticos, para a caracterização dos explosivos existentes, e para caracterizar o 

comportamento dos materiais sobre altas pressões. Este trabalho teve como objectivo 

desenvolver uma metrologia de detonação baseada em fibras ópticas que é independente da 

radiação gerada pelo processo de detonação/choque, e que incorpora um conjunto de 

componentes para o sistema de conversão optoeléctrico relativamente simples.  

As sondas utilizadas nesta metrologia são baseadas em fibras ópticas multimode 

de PMMA (250 μm de diâmetro). Estas sondas consistiram em fibras ópticas desprotegidas, 

ou protegidas com tubos de aço inox. Foram aplicados e discutidos dois métodos de 

funcionamento desta metrologia, em termos da radiação gerada. No método óptico passivo 

(MOP), as sondas de fibra óptica capturam a radiação gerada pelo processo de 

detonação/choque, dando origem a um sinal eléctrico positivo. O método óptico activo 

(MOA) consiste na transmissão de radiação laser (660 nm) através das sondas de fibra óptica, 

as quais perdem a capacidade de transmissão quando são chocadas por uma onda de 

detonação ou de choque, originando sinais eléctricos negativos. 

Os métodos foram testados na determinação da velocidade (D) e pressão (PCJ) 

de detonação do Seismoplast, um explosivo baseado em PETN com densidade de 1.56 

g/cm3. Os diferentes métodos e sondas foram estudados intensivamente para determinar as 

suas limitações, as quais fazem com que tenham de ser usadas sondas diferentes no MOA, 

de acordo com o parâmetro que é desejado medir. 

Para determinar a PCJ foi necessário caracterizar o movimento x(t) da onda de 

choque gerada pela detonação do Seismoplast em três materiais inertes diferentes (PMMA, 

alumínio e cobre). Com as velocidades de choque nas interfaces explosivo/material inerte 

foi possível calcular as respectivas pressões e velocidades do ponto material e, através da 

técnica de adaptação de impedâncias, obteve-se a pressão de CJ do Seismoplast. 

Quando se utilizou o MOP em cargas de secção rectangular com os dois tipos 

diferentes de sondas, as velocidades de detonação medidas variaram entre 7237 e 7336 m/s, 
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com desvios padrões entre 1.1 e 6%; para o MOA, os resultados experimentais da velocidade 

de detonação variaram entre 7258 e 7367 m/s, com desvios padrões a variar entre 0.6 e 1.7%. 

O MOA com sondas de fibras ópticas desprotegidas foi utilizado para determinar 

a velocidade da onda de choque induzida pelo Seismoplast em função das espessuras de 

PMMA, alumínio e cobre. Com base nas velocidades da onda de choque calculadas nas 

interfaces explosivo/barreira inerte, o resultado para a pressão de CJ do Seismoplast foi de 

21.2 GPa. 

A partir da determinação do ponto de CJ (PCJ, uP, CJ) e do método empírico 

proposto por Cooper, foi possível estimar a curva de Hugoniot para os produtos de detonação 

do Seismoplast. 

O MOA, com sondas de fibras ópticas desprotegidas e protegidas, foi utilizado 

para determinar a velocidade de detonação de outras duas composições, HWC (baseado em 

RDX) com densidade 1.68 g/cm3, e TKX-50, um sal iónico energético com densidade 

1.70 g/cm3. Este método também foi ultilizado, com sondas ópticas desprotegidas, para 

estimar a pressão de detonação do TKX-50. 

 

 

 

Palavras-chave: Física do choque e da detonação, Explosivo baseado 
em PETN, Metrologia com fibra óptica, Velocidade de 
detonação, Pressão de CJ. 
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FRAMEWORK AND OBJECTIVES 

Detonation metrology is essential for the development of energetic materials, to 

characterize existing explosives, and to characterize materials behavior under high pressures. 

Energetic materials (EMs) have important applications in the military and civil 

areas of our society, like weaponized explosives, aircraft flares, tunnels construction, explosion 

welding, metal forming, shock compaction of materials, and synthesis of nanoparticles. When 

new EMs are developed, there is the need for small-scale testing, due to the tens, or a few, 

hundred grams that the synthesis processes can produce before being up-scaled. The follow-up 

of the development of homemade explosives and improvised explosives devices demands 

detonation metrologies that can characterize the detonation of some kilograms of these 

compositions. Due to these, detonation metrology should be adaptable to small and big-scale 

testing. 

Many detonation metrologies have complex and/or expensive set-ups, which 

demand some hours of preparation before the test, like the electromagnetic particle velocity 

(EPV) gauges, VISAR, and streak cameras. Some detonation metrologies need complex 

software and/or mathematical treatment to evaluate the generated data, such as microwave 

interferometry, and PDV. Other detonation techniques have difficult calibration processes, like 

rotating-mirror cameras and manganin gauges. Some detonation methods demand the execution 

of several tests for the characterization of only one parameter, like the use of electro contact 

type of probes, or the shock-induced polarization. 

 

This work had as objectives:  

• the development of detonation metrology that can be used during the 

development of energetic materials, that can characterize existing 

explosives and the material's behavior under high pressures.  

• The developed detonation metrology should be applicable to small (some 

tens of gram) and bigger-scale (several hundred grams) testing.  

• The new technique has to be easy to assemble, have a simple set-up, and be 

based on relatively cheap and commercially available components.  
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• It should be capable of withstanding rough handling and, simultaneously, 

disturb less as possible the detonation/shock process.  

• The used set-up should be able to measure more than one parameter per 

experiment. In this case, the CJ pressure and the detonation velocity should 

be measured simultaneously. 

• The measurement technique does not need calibration processes. 

• The generated data should be easy to read and easy to extract the needed 

parameters, preferentially without any kind of software, to be accessible to 

all kinds of users. 

Considering the previous points, the main objectives of this thesis are the following: 

• To develop a technique based on optical fibers that can record the radiation 

generated by the detonation/shock process, as well as that, can be 

independent of it since many inert materials do not emit radiation under 

shock. 

• To test the different working principles, and different probes, on the 

measurement of detonation velocity and detonation pressure of high 

explosives. 

 

This work will be divided into five main chapters:  

1. Shock and detonation theories, where it is introduced pyrodynamics, and it is 

described the shock wave phenomena, the hydrodynamic model, the Hugoniot 

curve on different planes, the shock wave transmission between two different 

media, the detonation wave phenomena, the Chapman-Jouget theory, the 

Zeldovich, Von Neumann, and Döring theory, and the analytical 

characterization of the detonation wave, to understand the detonation and shock 

parameters measured throughout this work. 

2. Bibliographic review about metrologies for detonation characterization of 

energetic materials, which presents detonation velocity and detonation pressure 

techniques used over the years until nowadays. The detonation metrologies will 

be divided according to the measuring parameter. The detonation velocity 

techniques will be divided into five main groups, while the detonation pressure 

techniques will be divided into two main groups, both according to the applied 
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method. This chapter will include a description of each technique, examples of 

acquired results, how to analyze them, and also the techniques’ limits, 

advantages, and disadvantages. 

3. It is presented the developed worked about the passive and active optical 

methods. This chapter describes the materials and infrastructures used in this 

work, the characterization of the optoelectric converter system used, the 

progress of the passive and active optical methods (OPM and OAM, 

respectively) applied to the detonation of Seismoplast (PETN based explosive), 

as well as their abilities and restrictions. 

4. Demonstration of the experimental methods applied to the measurement of 

detonation velocity and pressure of three high explosives: Seismoplast, HWC, 

and TKX-50. Here it will be presented the thermochemical calculations 

performed to predict the CJ pressure and detonation velocity of Seismoplast 

(only known composition from the three); the detonation properties of 

Seismoplast, where will be shown the two published papers about these matters; 

and the detonation properties of HWC and TKX-50. 

5. Conclusions of the developed work. 
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1. SHOCK AND DETONATION THEORIES 

This chapter will be present the shock and detonation theories, to understand the 

phenomena that define the parameters that will be measured throughout this work. This chapter 

starts to introduce pyrodynamics, where are presented the important thermodynamic aspects 

that lay behind the shock and detonation theories. In the shock theory will be presented the 

shock wave phenomena, the respective hydrodynamic model, the Hugoniot curve represented 

in different planes, and the shock wave transmission between two media with different shock 

impedances. In the detonation theory will be described the Champan-Jouguet (CJ) and the 

Zeldovich, Von Neumann, and Döring (ZND) models, as well as the presentation of the 

analytical characterization of the detonation wave. 

1.1.  Pyrodynamics - Thermodynamic and fluid dynamics 
fundamentals 

The process of converting chemical into mechanical energy, performed by fluid 

dynamics and thermodynamics changes on the combustion phenomena, is called pyrodynamics 

(Kubota, 2015). 

Pyrodynamics is applied to condensed energetic materials, such as explosives and 

pyrotechnics, since they produce molecules with high temperatures. Focusing on explosives, 

they are conceived to generate a shock wave (SW), followed by high-pressure combustion 

products (or detonation products), that produces destructive power (Kubota, 2015). 

The following points will present the thermodynamics and fluid dynamics 

fundamentals necessary to understand the explosives’ pyrodynamics, based on the SW and 

detonation wave (DW) phenomena. 

1.1.1.  The first law of Thermodynamics 

The first law of thermodynamics is applied to an explosive system when there is a 

conversion from the energy generated on the chemical reaction, to work that acts on the 

explosive system. 
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The chemical reaction produces heat (𝑞), which is converted into reaction products’ 

internal energy (𝑒) and work done on the system (𝑤) (Kubota, 2015). This is expressed by 

equation (1.1): 

𝑑𝑞 = 𝑑𝑒 + 𝑑𝑤 (1.1) 

The work is performed by the expansion of the reaction products, as shown in 

equation (1.2), where 𝑝 is the pressure, V is the volume per mass unit – specific volume – of 

the reaction products, and ρ is the density (𝜌 = 1/𝑉) of the reaction products (Kubota, 2015). 

𝑑𝑤 = 𝑝 𝑑 (
1

𝜌
) (1.2) 

Enthalpy, ℎ, is defined by equation (1.3).  

𝑑ℎ = 𝑑𝑒 + 𝑑 (𝑝𝑉) (1.3) 

Substituting equations (1) and (2) on equation (3), enthalpy can be rewritten in the form 

of equation (1.4).  

𝑑ℎ = 𝑑𝑞 + 𝑉𝑑𝑝 (1.4) 

To solve equations (1.2) to (1.4) is needed an equation that represents the P-V behavior 

of the reaction products gases. Let’s consider the easiest case, where these gases are considered 

to be perfect. One mole of a perfect gas can be described by equation (1.5), the known equation 

of state (EoS) for perfect gases. 𝑇 is the absolute temperature and ℛ is the perfect gases constant 

(Kubota, 2015). 

𝑝 = 𝜌 ℛ 𝑇 (1.5) 

For 𝑛 moles of a perfect gas, equation (1.5) takes the form presented in equation (1.6).  

𝑝 = 𝑛 𝜌 ℛ 𝑇 (1.6) 

1.1.2. Specific heat 

Specific heats are parameters that represent the conversion of energy in 

temperature. The specific heats are defined at constant volume (𝑐V) and constant pressure (𝑐P) 

by equations (1.7) and (1.8) (Kubota, 2015). 

𝑐V = (
𝑑𝑒

𝑑𝑇
)

𝑉
 (1.7) 

𝑐P = (
𝑑ℎ

𝑑𝑇
)

𝑃
 (1.8) 
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Using equations (1.4) and (1.5) and correlating them with equations (1.7) and (1.8), 

it is possible to obtain equation (1.9), which relates specific heats with the perfect gases 

constant.  

𝑐P − 𝑐V =  ℛ (1.9) 

The specific heat ratio, γ, is defined by the equation (1.10).  

𝛾 =
𝑐P

𝑐V
 (1.10) 

Dividing equation (1.9) by 𝑐V and substituting it on equation (1.10), we obtain 

equation (1.11) for 𝑐V.  

𝑐V =  
ℛ

𝛾 − 1
 (1.11) 

Doing the same procedure as above, but now dividing equation (1.9) by 𝑐P, we get 

equation (1.12) for 𝑐P.  

𝑐P =  
𝛾

𝛾 − 1
ℛ (1.12) 

Equations (1.4), (1.7), and (1.8) define specific heats, which are important 

parameters to define the energy conversion, through temperature, from heat to mechanical 

energy (Kubota, 2015). 

The kinetics theory, which will not be presented here, says that the energy of a 

molecule is given by the sum of the following energies: translational, rotational, vibrational, 

electronic, and energy resulting from the interaction between molecules. When there is an 

increase in the molecule temperature, it also increases its internal energy, due to the excitation 

of its rotational and vibrational modes. While the translational and rotational modes of a 

molecule are completely excited at low temperatures, the vibrational modes just start getting 

excited at temperatures above room temperature. The electrons excitation, as well as the 

interaction modes, normally happen at temperatures that are much higher than the combustion 

temperature. Also, molecules dissociation and ionization are possible at very high combustion 

temperatures (Kubota, 2015). 

Experimentally, as shown in Figure 1-1, the specific heats of monoatomic gases are 

kept constant while the temperature is increasing. However, the diatomic and polyatomic gases 

specific heats increase with the rising temperature, due to the excitation of their rotational and 

vibrational modes (Kubota, 2015). 
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Figure 1-1: Specific heats, at constant volume, of some gases as a temperature function. Image from (Kubota, 
2015). 

1.1.3. Entropy change 

Entropy, s, is mathematically defined by equation (1.13). 

𝑑𝑠 ≡
𝑑𝑞

𝑇
 (1.13) 

Equation (1.14), which represents entropy variations, is obtained by substituting 

equations (1.4), (1.5), and (1.8) on equation (1.13).  

𝑑𝑠 =  
𝑐𝑃

𝑇
𝑑𝑇 −

ℛ

𝑝
 𝑑𝑝 (1.14) 

For isentropic changes, which means that there are no entropy variations (𝑑𝑠 = 0) 

during the change, equation (1.14) has the form of its integration (equation (1.15)), where the 

subscript 0 indicates the initial state 0 (Kubota, 2015). 

𝑝

𝑝0
= (

𝑇

𝑇0
)

𝑐𝑃
ℛ

 (1.15) 

Another form of equation (1.15) is equation (1.16), which is obtained by 

substituting equation (1.12) on equation (1.15).  

𝑝

𝑝0
= (

𝑇

𝑇0
)

𝛾
𝛾−1

 (1.16) 

And equation (1.17) is obtained with the help of equation (1.5).  

𝑝 (
1

𝜌
)

𝛾

= 𝑝0 (
1

𝜌0
)

𝛾

 (1.17) 

It is considered that a system goes under an isentropic change when there is a small 

heat loss from the system or small heat gain of the system, and the dissipative effects, such as 
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friction due to molecules collision or turbulence from the non-uniform molecular distribution, 

are very small (Kubota, 2015). 

1.1.4. Conservation equations in a one-dimensional steady-state 
flow field 

A one-dimensional steady-state flow without viscous stress, or a gravitational force, 

is considered a simplified flow. 

The continuity, or mass conservation, equation is given by the mass rate that goes 

in less the mass rate that goes out, and it is represented by equation (1.18), where 𝑢 is the local 

flow velocity in a flow field (Kubota, 2015). 

𝑑(𝜌𝑢) = 0 (1.18) 

The momentum conservation equation is given by equation (1.19), where 𝜌 𝑢 𝑑𝑢 is 

the momentum rate gain by convection, and 𝑑𝑝 is the pressure difference action on the flow.  

𝜌 𝑢 𝑑𝑢 +  𝑑𝑝 = 0 (1.19) 

The conservation equation for the energy is given through the rate of energy input 

by conduction, plus the rate of energy input by convection, being equal to zero, as represented 

in equation (1.20).  

𝑑 (ℎ +
𝑢2

2
) = 0 (1.20) 

Combining equations (1.19) and (1.4), it is possible to get the relationship for the 

enthalpy change due to a flow velocity change, which is expressed by equation (1.21).  

𝑑ℎ = 𝑑𝑞 − 𝑢 𝑑𝑢 (1.21) 

1.2. Shock wave phenomena 

A shock wave (SW) can be understood as a discontinuity surface, with kinetic and 

thermodynamic quantities, that propagates supersonically in the inner part of a material. Having 

has base the conservation laws of mass, momentum, and energy, and assuming that the 

thickness of the SW is infinitely small, it is possible to explain the propagation of a SW in a 

material media (Mendes, 1994). 

It is necessary to do a brief introduction to the stress-strain characteristics of the 

materials, to understand the shock phenomena. In the elastic domain of a material, the strain is 

directly proportional to the stress applied to it. This linear behavior is kept until the point where 
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the material cannot come back to the same initial state (shape and dimensions). This point is 

called the elastic limit. If the applied stress is higher than the elastic limit, then the material will 

suffer a plastic deformation (Gois, 1989) (Mendes, 2000). 

In detonation, a phenomenon characterized by a specific kind of shock wave 

(detonation wave), it is possible to consider that the solid materials are described by a 

hydrodynamic behavior since the acquired pressures can reach tens of GPa. The hydrodynamic 

behavior, where the tensorial notion of force is undervalued, admits that the solid behaves like 

a perfect fluid, presenting resistance only to dilatation. Due to this, the characterization of a 

material state can be done with scalar quantities as hydrostatic pressure (p), specific volume 

(V), and temperature (T), and wave propagation on the material can be treated uni-axially, 

according to the normal direction related to the wavefront (Mendes, 2000). 

In the referred range of pressures, the perturbation propagation velocity on a 

material increases with the increase of pressure. This velocity is called the sound velocity of a 

material (Cb) and it is given by equation (1.22), where V is the specific volume, p is the pressure, 

ρ is the density of the material and the subscript s represents constant entropy (Mendes, 2000). 

𝐶b
2 =  −𝑉2

𝑑𝑝

𝑑𝑉
)

𝑠
=  

𝑑𝑝

𝑑𝜌
)

𝑠

 (1.22) 

This is a determining property for a shock wave formation. Thus, a compression 

wave accelerates gradually with the pressure, until it propagates as an abrupt transition in the 

material properties. Shock is the designation for the material properties discontinuity. A shock 

wave formation is represented on the scheme of Figure 1-2 (Mendes, 2000). 

 

Figure 1-2: Shock wave formation scheme. Adapted from (Mendes, 2000). 

The velocity at which the perturbation is moving is determined by 𝐶b + 𝑢𝑃, which 

is the sound velocity on the media plus the velocity acquired by the particle, uP. Now it is 
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important to distinguish the difference between shock wave velocity (US) and material point 

velocity, or particle velocity (uP). 

The concept of shock wave assumes in it a perturbation, or a change in the physical 

state, of a body material point and, thus, the US means the velocity at which the perturbation is 

transmitted to the next material point. The particle velocity, uP, means the real velocity acquired 

by the material point, which represents the material point displacement rate related to a 

referential. The phenomenon, called shock, generates an abrupt discontinuity on the material 

properties such as density, pressure, material media velocity, energy, and temperature. In 

reality, an effective discontinuity is never formed, because the increase of the deformation rate 

corresponds to the increase of the dissipative mechanisms, like viscosity, and they promote the 

wave dissipation. The competition of these effects has an important role when the deformation 

rates are extremely high but, for the majority of the materials, the shock thickness is so small 

that allows us to characterize the shock as an abrupt discontinuity (Mendes, 2000). 

1.3.  Hydrodynamic model: discontinuity conditions and 
conservation equations 

The most usual way to calculate the variables associated with shock propagation is 

based on the conservation equations of mass, momentum, and energy. They are applied at the 

shock wave discontinuity and they are known as Rankine-Hugoniot equations. As said before, 

it is assumed that the material has a hydrodynamic behavior when it is under shock. During this 

text, the displacement rates of a media perturbation (wave) and of a particle are called velocity. 

According to the hydrodynamic theory, the shock wave is considered plane, it has 

an infinitesimal thickness and it crosses the material with a constant velocity. Assuming a 

control surface with a cylindrical shape and with a unitary transversal section area, it is possible 

to define the conservation equations applied to the material initial (represented by the subscript 

0) and final states (no subscripts), considering that the material is crossed by the shock wave 

(Figure 1-3) (Gois, 1989). 
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Figure 1-3: Displacement scheme of the shock wave. Adapted from (Gois, 1989) 

Figure 1-3 shows the shock wave crossing the material volume control. It is 

considered that the media, or the material, is initially in rest (p0, ρ0, e0 and uP0 = 0), the shock 

wave velocity (US) is constant and, in the instant t the shock wave is at A while, at the instant 

t+dt, it is at B. After the shock wave passage, the material has new properties (p, ρ, e, and uP) 

(Gois, 1989). With this, it is possible to obtain the relation (1.23). 

𝑈S =  
𝐴𝐵

𝑑𝑡
 (1.23) 

In this way, at the instant t, the material A section received the shock and got a 

velocity uP, which made the A section move from A to A’: 

𝑢P =  
𝐴𝐴′

𝑑𝑡
 (1.24) 

All the material that was between A and B, with a density of ρ0, 

𝑚AB =  𝜌0 𝐴𝐵 = 𝜌0 𝑈S 𝑑𝑡  (1.25) 

After dt, all material is now between A’ and B, but with a new density ρ,  

𝑚
A′B

=  𝜌 𝐴′𝐵 = 𝜌 (𝑈S − 𝑢P) 𝑑𝑡  (1.26) 

Since there is mass conservation: 

𝑚AB =  𝑚
A′B

⟺  𝜌0 𝑈S  = 𝜌 (𝑈S − 𝑢P)  (1.27) 

According to the dynamic’s fundamental law, 𝐹 = 𝑚 × 𝑎, and remembering that 

we are considering a unitary area, it is possible to write: 

(𝑝 − 𝑝0) 𝑑𝑡 = 𝑚AB 𝑑𝑢P  (1.28) 

Since the material was initially at rest (uP(0) = 0): 

𝑑𝑢P =  𝑢P (1.29) 

Substituting equations (1.26) and (1.29) in equation (1.28), we have: 

𝑝 − 𝑝0 =  𝜌0 𝑈S 𝑢P (1.30) 
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The application of the conservation energy principle assumes that the energy 

received by the mass element 𝑚AB, during the interval dt, is equal to the work done by the 

external forces, where there are no heat losses. This received energy has in it an increase of 

internal energy (e-e0) per mass unit, and also an increase of kinetic energy, 
1

2
𝑢P

2, per mass unit 

(Gois, 1989). 

Since surface A was the only one that moved, the work (dw) done by the external 

forces (F) is the pressure (p) that is acting on the surface A (𝑃 =  
𝐹

𝑎
), which has a unitary section 

area (a =1) and is only variable throughout the x-axis: 

𝑑𝑤 = 𝐹 𝑑𝑥 ⟺  𝑤 −  𝑤0 = 𝑝 (𝑥 − 𝑥0) (1.31) 

Since the material is initially in rest, there is no work done by the external forces 

(w0 = 0) and, according to Figure 1-3 and rearranging equation (1.24), equation (1.31) assumes 

the form of equation (1.32): 

𝑤 = 𝑝 𝐴𝐴′ = 𝑝 𝑢P 𝑑𝑡 (1.32) 

According to what was said before about energy conservation, it can be assumed 

that the system has the initial (e0) and final (e) energies expressed by equations (1.33) and 

(1.34): 

𝑒0 =  𝑚AB  (𝑒 − 𝑒0 +
1

2
𝑢P

2) (1.33) 

𝑒 =  𝑤 (1.34) 

By the energy conservation, where e = e0 (eq. (1.33) = eq. (1.34)), and considering 

equation (1.25), we can represent the energy variation of the system through equation (1.35): 

𝑒 − 𝑒0 =
𝑝 𝑢P

𝜌0𝑈S
−

1

2
𝑢P

2 (1.35) 

Rearranging equation (1.30) and applying it to equation (1.35), we get equation 

(1.36). 

𝑒 − 𝑒0 =
𝑝0 𝑢P

𝜌0𝑈S
+

1

2
𝑢P

2 (1.36) 

If we sum equations (1.35) and (1.36), equation (1.37) is obtained. 

2(𝑒 − 𝑒0) =
𝑢P

𝜌0𝑈S
(𝑝 + 𝑝0) (1.37) 

Equation (1.27) can be rewritten and substituted at equation (1.37), to have an 

energy equation: 
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𝑒 − 𝑒0 =
1

2
(𝑝 + 𝑝0) (

1

𝜌0
−

1

𝜌
) (1.38) 

 

Equation (1.38) is the so-called Hugoniot relation. 

1.4. Hugoniot curve on different planes 

The mass and momentum conservation relations present variables that belong to the 

shock, like particle velocity (uP) and shock velocity (US). The energy equation, or Hugoniot 

relation, connects three thermodynamic quantities: e, p, and ρ. But there is another equation, 

the so-called equation of state (EoS), that correlates the same three quantities, e = e (p, V), and 

which represents all the possible equilibrium states that the material can reach. 

If it is admitted that, after the shock wave passage, the material reaches an 

equilibrium state, then both equations will need to be satisfied simultaneously. This allows that 

the energy variable is eliminated to obtain a single relation (p - 1/ρ), the already presented 

equation (1.38): the Hugoniot relation or, the Hugoniot curve. The Hugoniot curve represents 

all the equilibrium states that are possible for the material to reach, after the shock wave 

passage. But this Hugoniot curve does not represent the way taken by the material, from its 

initial to its final state (Mendes, 2000). 

Since in the conservation equations there are three equations with five variables, it 

is necessary to establish relations between some of those variables. The relations US – uP, 

P - 1/ρ, and P – uP are particularly important for this case because they are easy to determine 

and frequently used. The determination of one of these relations, mostly known by the Hugoniot 

Curve, allows the complete characterization of the final state that a material can reach under 

shock (Mendes, 2000). 

1.4.1. US – uP plane 

The relation US = f(uP) can be considered an equation of state that, together with 

the conservation equations, allows the determination of all variables of the shocked media 

according to an independent variable. The experimental results allow verifying that, for the 

majority of the materials, the shock wave velocity US, according to the particle velocity of the 

media uP, can be approximated to a linear law (eq. (1.39)) (Mendes, 2000). 

𝑈S = 𝐶0 +  𝑆 𝑢P (1.39) 
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The constant C0 has the physical meaning of being the intersection of the straight 

line, with slope S, with the vertical axis, being S a dimensionless constant, and they were found 

by the method of least squares (Marsh, 1980). 

When a material shows a phase change, or physical-chemical change, due to a shock 

action, the relation US - uP is well approximated by two straight lines. Sometimes, it is presented 

a second-order polynomial to represent the relation US - uP, but the only reason for this is that a 

polynomial adjustment fits better together with the obtained points than a linear law (Marsh, 

1980). 

To show the US – uP relations for inert materials, Figure 1-4 contains these 

experimental data obtained for PMMA, copper, and aluminum. These are the inert materials 

used in this work to obtain the CJ Pressure for the used explosive – Seismoplast. 

 

Figure 1-4: Shock wave velocity (US) according to the particle velocity (uP) of the media for PMMA, copper, and 
aluminum. Data were taken from (Marsh, 1980). 

1.4.2. P – 1/ρ plane 

Considering the typical case, where uP(0)=0 and p0=0, and combining the relation 

US – uP with the momentum and mass conservation equations, the relation P = f(1/ρ) transforms 

in equation (1.40). The Hugoniot curve, in the plane P-1/ρ, is presented in Figure 1-5 (Mendes, 

2000). 

𝑃1 = 𝐶0
2 (

1

𝜌0
−

1

𝜌1
) [

1

𝜌0
− 𝑆 (

1

𝜌0
−

1

𝜌1
)]

−2

 (1.40) 
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Figure 1-5: Hugoniot curve and Rayleigh line in the P-1/ρ diagram. Adapted from (Mendes, 2000). 

As said before, the Hugoniot curve represents the group of all possible states that 

the material can reach from its initial state 0. The straight line between the initial (P0, V0) and 

the final (P1, V1) states, the so-called Rayleigh (R) line, represents the discontinuity condition, 

due to the shock wave. This straight line is characterized by equation (1.41), through the 

elimination of the media particle velocity uP, in the moment and mass conservation equations 

(Mendes, 2000). 

𝑃1 − 𝑃0 =
𝑈S

2

𝑉0
−

𝑈S
2

𝑉0
2  𝑉1 (1.41) 

From equation (1.41) it is easy to see that the slope of the Rayleigh line is 
𝑈S

2

𝑉0
2, or 

𝑈S
2𝜌0

2. So, knowing the initial and final states, the shock wave velocity is given by 𝑈S =

 (𝑠𝑙𝑜𝑝𝑒)1/2 𝑉0 (Mendes, 2000). 

Still on the plane P - 1/ρ, or P-V, shown in Figure 1-5, it is possible to analyze the 

changes in internal and kinetic energies of a shocked material. It is considered that the material, 

in the initial state 0 (P0, V0) suffered a shock that takes the material to state 1 (P1, V1), and that 

the specific kinetic energy is given by 
1

2
𝑢P

2 (Mendes, 2000). 

So, considering always that the initial state is characterized by P0=0, equation 

(1.27) takes the form of equation (1.42) for the final state 1, solved in order to US: 

𝑈S =
𝜌1

𝜌1 − 𝜌0
𝑢P1 (1.42) 

From (1.30), for the final state 1 it is possible to write equation (1.43): 

𝑃1 = 𝜌0 𝑈S 𝑢P1 (1.43) 
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Substituting (1.42) in (1.43): 

𝑢P1
2 = 𝑃1 (

1

𝜌0
−

1

𝜌1
) (1.44) 

From this equation (1.44) it is possible to obtain equation (1.45), which represents 

the referred specific kinetic energy: 

1

2
𝑢P1

2 =
1

2
𝑃1 (

1

𝜌0
−

1

𝜌1
) (1.45) 

In the equation (1.45) the second member represents, in the P-V plane, the area of 

the triangle defined by the Rayleigh line between 
1

𝜌0
 and 

1

𝜌1
, and by P=P1. This means that the 

increase of the material’s specific kinetic energy is equal to the triangle area, in Figure 1-5 

(Mendes, 2000). 

As said before, the specific kinetic energy is given directly by equation (1.44), 

which represents, in Figure 1-5, all the area below the Rayleigh line, between the initial state 
1

𝜌0
 

and the final state 
1

𝜌1
. As consequence, when the initial pressure can be neglected when 

compared to the final pressure, the total energy acquired by the material, by mass unit, and by 

time unit, resulting from the shock compression, is divided into equal parts, between the kinetic 

and the internal energies (Mendes, 2000). 

A material, under a pressure state, discharges to the environmental pressure through 

an expansion wave, by an isentropic process. The expansion wave is a continuous and a 

different curve from the Hugoniot curve. Although for expansion wave studies in engineering, 

the isentropic curve can be approximated to the Hugoniot curve, and that is why in Figure 1-5 

just the Hugoniot curve is represented (Mendes, 2000). 

So, if a material is shocked until the state 1 (P1, V1), and it discharges until the initial 

state 0 (P0, V0) along the Hugoniot curve, the energy value dissipated by the material during the 

expansion is equal to the area bellow to the Hugoniot curve, between its initial and final states. 

This means that the increase of specific internal energy induced on the material is equal to the 

area between the Rayleigh line and the Hugoniot curve, from the initial to the final states. The 

consequence of the specific internal energy increase is the increase of the material temperature. 

If the shock pressure is too high, the material under shock can melt, or even vaporize (Mendes, 

2000). 
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1.4.3. P – uP plane 

The characterization of the Hugoniot curve in the P – uP plane is important to solve 

problems related to shock waves’ interactions (Mendes, 2000). 

To obtain the P – uP relation is necessary to consider that the material is initially in 

rest (uP(0) = 0), and that the value of P0 (normally in the order of Pa) is negligible when 

compared to P1 (in the order of GPa). So, starting from the momentum conservation equation 

(eq. (1.43)) and putting it together with the Hugoniot US – uP relation (eq. (1.39)), it is possible 

to eliminate US and then to obtain the P – uP relation (equation (1.46)) (Mendes, 2000). 

𝑃1 = 𝜌0 𝐶0 𝑢P1 + 𝜌0 𝑆 𝑢P1
2  (1.46) 

Until now, it was always considered that the material was initially at rest (uP0 = 0). 

But if we consider that the material is moving before the shock (uP0 ≠ 0), then equation (1.46) 

is transformed into equation (1.47) (Mendes, 2000). These two equations are represented 

graphically in Figure 1-6.  

𝑃1 = 𝜌0 𝐶0 (𝑢P1 − 𝑢P0) + 𝜌0 𝑆(𝑢P1 − 𝑢P0)2 (1.47) 

 

Figure 1-6: Characteristic Hugoniot curves of a shock wave moving to the left and the right. Adapted from 
(Mendes, 2000). 

Until now it was always considered that the shock wave always moves from the left 

to the right side. But knowing that velocity is a vector, when the shock wave moves to the left 

side, the particle velocity should be −(𝑢P1 − 𝑢P0). So, to differentiate for which side is the 

shock wave moving, we will consider that PL represents the pressure which the material is under 

when the shock wave moves to the left side, and PR when the shock wave is moving to the right 

side. When the shock wave is moving to the right side, its Hugoniot curve is represented by 
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equation (1.48). When the shock wave is moving to the left side, its Hugoniot curve is 

represented by equation (1.49) (Mendes, 2000). These equations are schematically represented 

in Figure 1-6.  

𝑃R = 𝜌0 𝐶0 (𝑢P1 − 𝑢P0) + 𝜌0 𝑆(𝑢P1 − 𝑢P0)2 (1.48) 

𝑃L = 𝜌0 𝐶0 (𝑢P0 − 𝑢P1) + 𝜌0 𝑆(𝑢P0 − 𝑢P1)2 (1.49) 

In Figure 1-7 are represented the Hugoniot curves for the inert materials used in this 

work since it will be needed to evaluate the induced pressure on these materials by the studied 

explosive – Seismoplast. 

 

Figure 1-7: Hugoniot curves of PMMA, aluminum, and copper. Data were taken from (Marsh, 1980). 

The Hugoniot curve P(up) of each material can be obtained by substituting the 

US – uP relation and the density of each material in equation (1.46). 

1.5. Shock wave transmission between two different media 

Let’s consider that two different materials (A and B) are in contact through a 

common section. At the instant t=0, both materials are in rest (uPA = uPB = 0). When a planar 

shock wave propagates from media A to media B, the separation interface between the two 

media should be kept in mechanical equilibrium. It means that the two contact surfaces will 

have the same particle velocity, uP (uPA = uPB = uP), and the same pressure value (PA=PB) 

(Mendes, 1994). At the interface, this SW that started to propagate in A will generate another 

SW in B and a reflected wave in A (Gois, 1989). 

After the shock, the new equilibrium state can present two situations, which are 

characterized by the impedance relation (Z) of the two media. This impedance relation is 
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defined by equation (1.50), where ρ0 is the initial density of the media and US the shock velocity 

on the media (Gois, 1989). 

𝑍 =  𝜌0 𝑈S (1.50) 

The shock impedance also allows the correlation between the pressure P generated 

on the media, and the particle velocity uP induced on it (Gois, 1989), by equation (1.51), which 

is equivalent to equation (1.30), considering P0 = 0. 

𝑃 =  𝑍 𝑢P (1.51) 

Having in mind the moment when the SW reaches the separation interface of the 

two media, this SW will originate two waves: one transmitted on the media B and another 

reflected on the media A (Mendes, 1994). 

Since the shock impedance of a media varies mostly with its density, two situations 

can occur when the analysis of shock transmission between two media is done: the impedance 

of A is lower than the impedance of B (ZA<ZB); or the impedance of A is higher than B (ZA>ZB) 

(Gois, 1989). 

1.5.1. Shock transmission when ZA < ZB 

Let’s consider that a shock wave with P1 and uP1 is moving in material A (point 1 

in Figure 1-8). When the SW passes from material A to B, it induces on the material B a shock 

wave moving to the right and a reflection wave in A moving to the left. . The transmitted shock 

wave in B is responsible for the pressure and particle velocity increase from 0 to P2 and from 0 

to uP2, respectively (see Figure 1-8). On the other side, the reflected wave in A is responsible 

for the pressure increase from P1 to P2, and the particle velocity decrease from uP1 to uP2 

(Mendes, 1994). This means that point 2, which characterizes the equilibrium state at the 

interface, will be located on the intersection between the shock Hugoniot curve of material B, 

with its origin in a zero state, and the curve that represents the compression isentropic generated 

on the material A (curve A’), that had its origin in the state 1 (Gois, 1989). 
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Figure 1-8: Shock transmission between two media when ZA < ZB. Adapted from (Mendes, 2000). 

1.5.2. Shock transmission when ZA > ZB 

Let’s consider that material A is under the influence of a SW and, before the shock 

with material B, it has a pressure P1 and particle velocity uP1 (state represented by point 1 in 

Figure 1-9). When the SW passes from A to B, it induces on the interface a pressure P2 and a 

particle velocity uP2(point 2 in Figure 1-9). The transmitted SW to B is responsible for a pressure 

and particle velocity increase from 0 to P2 and from 0 to uP2, respectively. On the other hand, 

the reflected wave in A is responsible for the decrease of pressure from P1 to P2 and an increase 

of particle velocity from uP1 to uP2 (Mendes, 1994). The interface equilibrium point, which is 

represented by number 2 in Figure 1-9, is located at the intersection between the shock Hugoniot 

curve of the material B, with its origin in state zero, and the expansion isentropic generated in 

the material A, with its origin in the state 1 (Figure 1-9) (Gois, 1989). 

 

Figure 1-9: Shock transmission between two media when ZA > ZB Adapted from (Mendes, 2000) 
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1.6. Detonation wave phenomena 

A material that can provide, in a very short time, a large amount of gases at very 

high temperature and pressure, is known as an explosive. This energy is chemically generated 

and, part of it is used to make the reactions develop (Davis & Fauquignon, 1995). 

The term “explosion” is embracing all the phenomena that are characterized by a 

violent chemical reaction. The phenomena that are englobed inside “explosions” vary a lot 

between them: in their reaction front velocities, their temporal variation of pressure, 

temperature, and energy released by mass unit. For a deeper knowledge of these phenomena, it 

is also needed to know about the kind of chemical bonds that the studied material has, as well 

as the order of the chemical reactions, and the thickness of the reaction zones. But, if we just 

focus on the reaction zone propagation rate, we will be able to distinguish deflagration from 

detonation (Davis & Fauquignon, 1995) (Gois, 1989). 

Deflagration is a chemical reaction of a material, in which its reaction front 

propagates with a lower velocity than the sound velocity, in the same material. This 

characteristic makes that deflagration is propagating in a subsonic regime. Detonation is a 

supersonic regime since the wave that is crossing the material has a higher velocity than the 

characteristic sound velocity of the fresh material (Gois, 1989) (Lee, 2008). 

A deflagration to a detonation transition (DDT) is possible when it is allowed to 

increase the pressure and the turbulence at the reaction front of the fresh material (observed 

typically in gases and dusts explosions), until a point where it is possible to induce an 

acceleration on the reaction front when compared to the sonic front. As a consequence of this 

reaction front acceleration, it is formed a compression waves train that forms a strong SW. This 

strong SW will be the trigger for the heat release and for the species diffusion on the fresh 

material (Gois, 1989) (Lee, 2008). The chemical reaction that is developed behind the shock 

front, which can vary from hundred angstroms to millimeter units (depending on the sensitivity 

of the explosive), ensures now compression enough to keep a stable detonation regime. When 

a stable detonation regime is achieved, it means that it is observed a detonation wave (DW) 

going through the media (Gois, 1989) (Urtiew & Hayes, 1991). 

A detonation wave has the properties of being supersonic and compression SW. 

The fact of being supersonic makes that the reactants in front of it are not disturbed before its 

arrival, which means that they remain in their initial state; its compression characteristics make 

that the density of the explosive increases during the detonation and, as result, the particle 
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velocity of the explosive is in the same direction as the wave motion (Lee, 2008). Although, 

some experimental results allowed to conclude that the fresh explosive was exposed to the 

radiative phenomena of the DW before its arrival (Plaksin, et al., 2009) (Plaksin, et al., 2010). 

The biggest difference between a shock wave (SW) and a detonation wave (DW) is 

that there are no chemical reactions that support the wave propagation on a SW. This means 

that the particles prevail the same (no chemical changes) during and after the shock process. In 

the DW, the shock front is followed by a chemical reaction, where the particles react with each 

other, passing from solid to gases (for example), which give origin to the detonation products. 

Michelson, Chapman, and Jouguet made the first thermodynamic analysis of the 

detonation phenomena that gave origin to the first detonation theory, which is based on shock 

waves theory. They considered the detonation as a plane discontinuity, associated with an 

abrupt pressure variation and characterized by an instantaneous chemical reaction. They also 

represented the DW as a SW with energy release inside of the wavefront (Gois, 1989) (Dremin, 

1999). 

Further on, Zeldovich - von Neumann – Döring (ZND) improved this theory, which 

is accepted until today, with the idea that the energy released during the chemical reaction was 

not instantaneous (Gois, 1989). They postulated that a DW is characterized by a SW that is 

followed by a reaction zone, which is also followed by a zone where the reaction products are 

relaxing to normal conditions. The SW passage makes a sharp increase in the thermodynamic 

states (temperature and pressure) of the material where it is acting, which results in a chemical 

reaction, which can occur immediately or after a certain induction period. This chemical 

reaction happens in the reaction zone, which is associated either with a pressure falling down 

or with a falling preceded by a slight rise. Immediately after the reaction zone is the area where 

the detonation products (normally gases) will expand, cool down, and, after some time, going 

back to environmental temperatures. This area is considered the expansion region and it is 

called “release wave”, due to its propagation as a wave. This expansion region is mostly known 

as the “Taylor wave” (Urtiew & Hayes, 1991) (Lee, 2008). 

The end of the reaction zone for ideal explosives is known as the Chapman-Jouguet 

(CJ) state. For non-ideal explosives, the chemical reactions can continue after this plane, but 

they do not support the detonation front anymore. For each explosive, this CJ state is defined 

by characteristic values of particle velocity (uP, CJ), pressure (PCJ), temperature (TCJ), specific 

volume (VCJ), and energy (ECJ). The detonation velocity (D) is also characteristic of each 
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explosive and it is the velocity at which the whole detonation complex propagates into the 

undisturbed medium (Urtiew & Hayes, 1991). 

The Chapman-Jouguet (CJ) theory, the Zeldovich - von Neumann – Döring (ZND) 

theory, and the conservation equations applied to the DW, fundamental to understand the 

detonation phenomena and the mathematical models during this thesis, will be presented in 

detail in the next points, as well a detonation products thermal equation of state (EoS), to 

complete the detonation theory. 

1.7. CJ Theory 

Detonation theory based on SW theory was formulated in the early beginning of the 

20th century by Donald Leonard Chapman (1869-1958) and Ehrile Jouguet (1871-1943), giving 

their contributions in 1899 and 1904-1905, respectively. At the same time, in 1893, Michelson 

also developed a similar detonation theory. But, unfortunately, his Ph.D. thesis with his reported 

analysis was not known outside Russia and, due to this, only Chapman’s and Jouguet’s names 

are associated with this detonation model – The Chapman-Jouguet (CJ) theory. This theory 

allows the prediction and characterization of the variables that characterize the stable detonation 

of an explosive  (Dremin, 1999) (Mendes, 2000) (Lee, 2008). 

The CJ theory was based on the works of Rankine (1870) and Hugoniot (1887, 

1889), where was analyzed the conservations equations across a SW (see point 1.3) (Lee, 2008). 

The CJ model assumes a reactive supersonic flow, which is self-sustained by the SW and it is 

steady until the reactions’ end: the equilibrium of all the exothermic reactions is reached at the 

same time and it is a function of the temperature and pressure (Davis & Fauquignon, 1995) 

(Lee, 2008). Further than this point, it is a nonstationary rarefaction that takes place. This 

nonstationary rarefaction is controlled by the explosive charge boundary conditions. But this 

model fails on neglecting the conductive and radiative effects, and on assuming a laminar non-

viscous flow (Davis & Fauquignon, 1995). In this detonation model, the DW shock front δ (zero 

reaction zone, Figure 1-10) is responsible for the explosive compression and its change into 

detonation products (Dremin, 1999) (Mendes, 2000). 

Chapman verified that, from all the straight lines that can be drawn from the 0 point, 

only the tangent (Rayleigh line) to the Hugoniot curve of the detonation products (HP) has a 

single common point (point 1 in Figure 1-10) with it. Therefore, Chapman proposed that a stable 
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detonation wave should have the parameters corresponding to the ones in point 1 (P1, V1) 

(Figure 1-10). This point is the so-called CJ point, as a tribute to the authors of the classical 

detonation theory (Davis & Fauquignon, 1995) (Dremin, 1999) (Mendes, 2000). Essentially, 

Chapman’s criterion was to choose the minimum velocity solution, since experiments for a 

given explosive mixture showed only one observed detonation velocity (Lee, 2008).  

 

Figure 1-10: Scheme of the Chapman-Jouguet detonation model, its representation in the P-V and P-x planes, 
and the correspondence between them. Adapted from (Dremin, 1999) and (Mendes, 2000). 

To verify this rule Jouguet showed that, from all supersonic combustion waves, just 

the DW characterized by the tangent to the HP curve (Rayleigh Line) admits a stable 

propagation. To keep a stable DW propagation is necessary that the SW, responsible for the 

detonation ignition in successive layers, is not attenuated by rarefaction waves, which are 

generated by the detonation products. For this is necessary that the detonation products’ velocity 

(uP) is larger than the sound velocity (Cb) in the detonation products since rarefaction waves 

move in the detonation products with the local sound velocity (Davis & Fauquignon, 1995) 

(Dremin, 1999) (Mendes, 2000). 

If the Rayleigh line intersected the products’ Hugoniot at a slope greater than that 

at the tangent, then two states (2) and (3) would be possible for the products, one at each of the 

two points. At state 2 in Figure 1-10, the rarefaction wave velocity (dp/dv)1/2 is higher than the 

slope of the Rayleigh line and the reaction zone, and the rarefaction wave would be overtaking 

the shock front, decreasing its intensity and violating the statement above that these are all at 

the same velocity. So this state is not possible (Gois, 1995) (Dremin, 1999) (Mendes, 2000) 

(Lee, 2008). 
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At state 3 in Figure 1-10, the rarefaction wave velocity (dp/dv)1/2 is lower than the 

slope of the Rayleigh line; therefore, the rarefaction wave would be slower than the shock front, 

making the reaction zone continuously spread out in time that leads to detonation extinction. 

The only place on the product’s Hugoniot where the slope of the Hugoniot equals the slope of 

the Rayleigh line, and the reaction zone, rarefaction wave, and shock front, are all at the same 

velocity is at the tangent point 1, the CJ state (Mendes, 2000) (Gois, 1995) (Dremin, 1999) 

(Mendes, 2000) (Lee, 2008). So, the condition to have a stable DW is that the DW has to be 

sonic concerning the detonation products This condition is only verified at the CJ point (point 

1), where uP = uP, CJ and Cb = Cb, CJ, and it is represented by the equation (1.52) (Davis & 

Fauquignon, 1995). 

𝐷CJ =   𝑢P,CJ + 𝐶b,CJ (1.52) 

Basically, Jouguet determined the entropy variation along the HP curve and found 

a minimum, leading him to postulate the minimum entropy solution, or the sonic solution, 

which corresponds to the sonic condition of a stable detonation (equation 1.52) (Lee, 2008). 

In synthesis, the CJ theory only considers the energetic characteristics of the 

explosive, it does not count with its chemical reactions’ kinetics. This leads to the thinking that, 

in this theory, the explosive compression and its chemical transformation in detonation products 

happen simultaneously inside the DW front. This is why this model is called as “zero reaction 

zone”. This model does not consider a finite reaction zone, neither any perturbation that is 

originated behind this zone, which can reach the stable DW front. Since this model does not 

consider a chemical reaction zone, its application fails in the explanation of the detonation 

critical diameter - the explosive charge’s smallest diameter in which a stable detonation wave 

can propagate without external influences (Davis & Fauquignon, 1995) (Dremin, 1999) 

(Mendes, 2000). 

1.8.  ZND theory 

At the beginning of the ’40s of the last century, Zeldovich, Von Neumann, and 

Döring developed, independently and quasi-simultaneously, the ZND detonation physical 

model that adds the notion of reaction thickness, or reaction zone, behind the detonation front 

(Davis & Fauquignon, 1995) (Mendes, 2000) (Lee, 2008). 
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As referred to before, the CJ classical theory is based on the idea of a zero-reaction 

zone. On the other hand, the ZND theory considers that the DW has a well-defined reaction 

thickness (Dremin, 1999) (Mendes, 2000). 

The ZND model assumes that initially, due to the passage of a DW, the unreacted 

explosive is compressed, without chemical change, inside the detonation wave front δ (Figure 

1-11). With this compression occurs chemical decompositions and reactions, that are located in 

the chemical reaction zone - behind the DW front - under the influence of high temperatures, 

due to the shock compression. The reaction is considered to be complete at the CJ point. After 

the CJ point, there is an expansion of the detonation products which, graphically, occurs starting 

at the CJ point and keeps below it along the products’ Hugoniot (HP) curve (see Figure 1-11) 

(Gois, 1989) (Dremin, 1999) (Mendes, 2000). 

Considering that the detonation process has a finite reaction zone, a, the ZND model 

assumes that the detonation process has two different zones between the fresh explosive and its 

detonation products: a detonation wavefront, where occurs the compression of the fresh 

material, and the chemical reaction zone, where occurs the chemical decompositions and the 

consequent reactions, which includes the CJ point. It also assumes that these two zones 

propagate together with the same velocity, relatively to the fresh explosive in its initial state 0. 

So, the problem with the ZND model is to determine one point in the HP curve where all the 

detonation zones have the same velocity (Mendes, 2000). 

The HE curve, presented in Figure 1-11, represents the compression of the fresh 

explosive without changing its chemical species, and the HP curve represents the relaxation of 

the detonation products formed by the same explosive. Let’s assume that the fresh explosive is 

compressed by a SW until point 2 and that the CJ point (point 1) belongs to the HP curve (Figure 

1-10 and Figure 1-11). So that all the DW zones have the same velocity, these points (1 and 2) 

have to be collinear, starting at point 0 (P0, V0). The determination of the CJ point, or the state 

1 (P1, V1), characteristic of a stable detonation, is done by the elimination of all the lines that 

are not tangent to the HP curve and which start at point 0. All these lines are eliminated through 

the same parameters that were used in the CJ model. In this DW structure, state 2 is the so-

called Von Neumann (VN) peak or spike (Dremin, 1999) (Mendes, 2000). 

The scheme of Figure 1-11 (top) shows the DW passage (from the right to left 

direction) on the fresh explosive and its different complementary zones, where DCJ is the CJ 

velocity, uP is the particle velocity of the detonation products and Cb is the sound velocity of 
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the detonation products, as well as the P-V diagram (bottom left) with the Hugoniot curve for 

shock wave without chemical reaction on the fresh explosive (HE-black curve), the Hugoniot 

curve for the detonation wave that originates the detonation products (HP-red curve), the 

Rayleigh line (blue), and the Champan-Jouguet and the von Neumann points. C0 is the sound 

velocity in the fresh explosive. It also shows the correspondence of the P-V diagram and the 

ZND detonation model scheme on the P-x diagram (bottom right), where δ is the thickness of 

the detonation wavefront (negligible when compared to the chemical reaction zone), and a is 

the thickness of the reaction zone (Dremin, 1999) (Mendes, 2000). 

 

Figure 1-11: Scheme of the ZND detonation model its representation in the P-V and P-x planes, and the 
correspondences between them. Adapted from (Dremin, 1999) and (Mendes, 2000). 

The structural model proposed by ZND for a DW (P-V diagram of Figure 1-11) 

assumes that fresh material shocked by a shock front reaches point 2 (intersection between the 

HE curve and the Rayleigh line), the known von Neumann peak, or spike, without any chemical 

reaction. After this, there is a pressure decrease along the Rayleigh line until the CJ point (point 

1). At this moment, the detonation velocity reaches the value DCJ (Kubota, 2015). 

Resuming, the ZND model is based on the following assumptions: 

1. It is a unidimensional flow. 

2. The detonation front represents a discontinuity on the kinetic properties of the explosive 

and, due to that, it can be treated in the same way as a SW on non-reactive media. 

3. The reaction products, released from the chemical reaction zone, are in chemical 

equilibrium, and the chemical reaction is complete. 

4. The thickness of the chemical reaction zone is different from zero. 

5. The detonation velocity variation rate is zero. 
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Having into account these restraints, the DW structure can be understood as a SW 

that is moving along the explosive, where the DW front compresses and heats it. Due to this 

high compression and temperatures, represented by the von Neumann peak in Figure 1-11, the 

fresh explosive is broken into chemical species, with the release of energy, which will start a 

chemical reaction in the so-called chemical reaction zone. At the end of this chemical reaction, 

at the CJ point (Figure 1-11), the detonation products are formed. After the formation of the 

detonation products, which are in equilibrium, they suffer an expansion - the so-called Taylor 

wave (Figure 1-11). In this model, the velocity of the DW front propagation is controlled by 

the energy released in the chemical reaction zone (Mendes, 2000). 

As shown, the ZND model describes the mechanism responsible for the DW 

propagation: ignition by adiabatic compression of the leading shock, which is kept by the push 

generated by the gases formed in the reaction zone and their expansion in the products zone 

(Lee, 2008). 

1.9. Analytical characterization of the detonation wave: 
conservation equations and thermal equation of state 
for the detonation products 

The CJ and ZND models, which describe a stable DW, can be analytically 

characterized through a unidimensional analytical study applied to the plane detonation 

wavefront of an explosive (Mendes, 2000). To characterize the characteristic variables of a 

stable DW it is necessary to consider the mass, momentum, and energy conservation principles 

described in 1.3. Applying the conservation principles to the initial and final states of a stable 

detonation (CJ point (1) in Figure 1-11), the conservation equations are the same as the ones 

defined for a one-dimensional plane SW (point 1.3), but with some alterations: the SW velocity, 

US, is substituted by the DW velocity, D; it is considered that the explosive is initially in rest, 

which means that uP0 = 0, and that the initial pressure value, P0, can be neglected when 

compared to the final pressure value, PCJ (Mendes, 2000). With these changes, the mass and 

momentum conservation equations ((1.27) and (1.30) in 1.3, respectively) are now given by 

equations (1.53) and (1.54), respectively. 

𝜌0𝐷 = 𝜌 (𝐷 − 𝑢P,CJ) (1.53) 

𝑃CJ = 𝜌0 𝐷 𝑢𝑃,𝐶𝐽 (1.54) 
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The combination of the equations (1.53) and (1.54) gives the equation (1.55), which 

describes the slope between the points 0 and CJ, or the slope of the Rayleigh line, which gives 

the detonation velocity value D (Mendes, 2000). 

𝐷2𝜌0
2 = (

𝑃CJ

𝑉0 − 𝑉CJ
) (1.55) 

The energy conservation equation applied to the detonation front is defined by 

equation (1.56), where e represents the explosive specific internal energy.  

𝑒CJ + 𝑃CJ𝑉CJ +
1

2
(𝐷 − 𝑢𝑃,𝐶𝐽)

2
= 𝑒0 + 𝑃0𝑉0 +

1

2
𝐷2 (1.56) 

Combining equation (1.56) with equations (1.53) and (1.54), we obtain equation 

(1.57), the known Hugoniot curve, represented as Hugoniot products (HP) curve in Figure 1-11.  

𝑒CJ −  𝑒0 =
1

2
(

𝑃CJ

𝑉0 − 𝑉CJ
) (1.57) 

Since equations (1.53), (1.54), and (1.56) are not enough to solve all the existent 

variables, will be determined the thermal equation of state (EoS) that describe the behavior of 

detonation products, so that all variables have a solution (Mendes, 2000). 

 

The easiest way to deal with the detonation products is to consider that they behave 

as perfect gases obeying the EoS given by equation (1.5). Since these gases are under high 

pressures, the ratio between the specific heats (γ – equation (1.10)) is now substituted by Γ. For 

an ideal monoatomic gas γ = 1.667, while for most of the explosives Γ≈3 (Mendes, 2000). 

In the ZND theory, where it is considered that the chemical reaction is finished at 

the CJ point, the detonation products’ thermal EoS is given by the equation (1.58), where q is 

the energy per mass unit released during the detonation.  

𝑒 =  
𝑃𝑉

Γ − 1
− 𝑞 (1.58) 

Substituting equation (1.58) in the energy conservation equation (1.57), and 

neglecting the e0 value (much smaller than q), it is possible to rewrite the HP curve equation 

(1.59). 

𝑒
𝑃𝑉

Γ − 1
=

1

2
𝑃(𝑉0 − 𝑉) + 𝑞 (1.59) 
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To obtain the HP curve in the P-uP plane is necessary to eliminate the volume V in 

equation (1.59) using equation (1.44), and solve the equation to P. The result is the equation 

(1.60). 

𝑃 = 𝜌0 (Γ − 1) +
1

2
𝜌0(Γ + 1)𝑢P

2 (1.60) 

To determine the pressure and the velocity of the detonation gases in the CJ point, 

it should be used the CJ relation, where the Rayleigh line has to be tangent to the HP curve in 

the P-uP plane, which means that dP/duP = P/uP (Mendes, 2000). So, to obtain the pressure on 

the CJ point (PCJ), it is needed to make the derivative of equation (1.60) to uP and equalize it to 

P/uP. The obtained result is equation (1.61).  

𝑃CJ = 𝜌0 (Γ + 1) 𝑢𝑃,𝐶𝐽
2  (1.61) 

Determining uP through equation (1.54) and substituting that in equation (1.61), it 

will be possible to reach equation (1.62), which is largely used in explosives engineering 

(Mendes, 2000). Since for most of the explosives Γ≈3, it is possible to simplify equation (1.62), 

as shown below.  

𝑃CJ = 𝜌0  
𝐷CJ

2

Γ + 1
≈  𝜌0  

𝐷CJ
2

4
 (1.62) 

To obtain the detonation products’ velocity in the CJ point (equation (1.63)) it is 

necessary to substitute PCJ, shown in equation (1.62), on P1 (CJ point and point 1 are the same 

– see Figure 1-10) of equation (1.54). 

𝑢P,CJ =
𝐷CJ

Γ + 1
 (1.63) 

This is the easiest way to take care of the detonation products, to find an EoS that 

better describes the real behavior of these gases (Mendes, 2000). 

Adding the conservation equations, based on the hydrodynamic model applied to 

the detonation, to the presented thermal EoS it is possible to solve all the characteristic 

detonation variables for a stable detonation: PCJ, DCJ, uP, CJ, and e (Mendes, 2000). 

 

A more precise method to estimate the detonation pressure (PCJ) from the initial 

density of the fresh explosive (ρ0) and its detonation velocity (D), as well as the Hugoniot curve 

of the detonation products (HP) in the P-uP plane was developed by Cooper (1996). Cooper 

(1996) collected experimentally derived data from a large number of explosives and explosive 

mixtures for which the initial density, CJ density, detonation velocity, and detonation pressure 
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were measured independently in the same experiment for each data set. With all the collected 

data, Cooper plotted the initial density (ρ0) of the fresh explosives according to their respective 

density at the CJ state (ρCJ) and observed that the data could be fitted with a straight line when 

displayed on a log plot (Figure 1-12), which was described by equation (1.64) (Cooper, 1996). 

𝜌CJ = 1.386 𝜌0
0.96 (1.64) 

From (1.62), the same relation is given by equation (1.65).  

𝜌CJ =
4

3
𝜌0 (1.65) 

Both equations gave close agreement to the experimental points, however eq. (1.65) 

underestimated ρCJ at the lower densities, as shown in Figure 1-12 (Cooper, 1996).  

 

Figure 1-12: Correlations between CJ density and initial density of different explosives determined by Cooper 
(left) and by equation (1.65) (right). Adapted from (Cooper, 1996). 

Rearranging equation (1.55) in terms of densities, it was possible to obtain the PCJ 

according to the initial density and detonation velocity of the used explosive, as shown in 

equation (1.66). 

𝑃CJ = 𝜌0𝐷2 (1 −
𝜌0

𝜌𝐶𝐽
) (1.66) 

Combining (1.66) with (1.64), it was possible to obtain the equation (1.67) that 

allows the estimation of the PCJ according to the parameters ρ0 and D (Cooper, 1996). 

𝑃CJ = 𝜌0𝐷2(1 − 0.7125 𝜌0
0.04) (1.67) 

According to Cooper (1996), equation (1.67) estimates the detonation pressure of 

an explosive within 5% of the values experimentally measured. 
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The Hugoniot curve of the detonation products (HP) is the combination and 

continuum of the two regimes that join at the CJ state, the shock adiabatic (states above CJ 

point), and the expansion isentrope of the detonation products (states below the CJ point).  

To define a general HP equation that could be used to estimate the HP of any 

explosive, Cooper proposed the equation (1.68), fitted to the collected experimental data. This 

equation (1.68) is presented in the reduced form P/PCJ and uP/uP,CJ, and is valid for the states 

above a reduced pressure of 0.08 (Figure 1-13) (Cooper, 1996). 

𝑃 = (2.412 𝑃CJ) − (
1.7315 𝑃CJ

𝑢P,CJ
) 𝑢P + (

0.3195 𝑃CJ

𝑢P,CJ
2 ) 𝑢P

2 (1.68) 

 

Figure 1-13: Reduced pressure versus reduced particle velocity and the fittings performed by Cooper. Image 
from (Cooper, 1996). 
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2. METROLOGIES FOR DETONATION 
CHARACTERIZATION OF ENERGETIC MATERIALS 

This chapter intends to present some detonation metrologies that are available to 

measure the detonation parameters that were successfully measured throughout this thesis: 

the detonation velocity (D) and the detonation pressure (PCJ) of an explosive. 

The following detonation metrologies will be divided according to the measuring 

parameter. The detonation velocity techniques will be divided into five main groups, while 

the detonation pressure techniques will be divided into two main groups, both according to 

the applied method. This chapter includes a description of each technique, examples of 

acquired results, how to analyze them, and also the techniques’ limits, advantages, and 

disadvantages. 

2.1.  Detonation velocity techniques 

Detonation wave velocity D is one of the most important detonation parameters 

on the explosive’s performance and also one of the easiest to measure (Sućeska, 1995) 

(Sućeska, 1997) (Agrawal, 2010) (Quaresma, et al., 2019). 

The most common and simple way to determine detonation velocity is to 

measure the time interval that the DW needs to travel a very well-defined distance, 

determined between two points in an explosive charge (Sućeska, 1995) (Sućeska, 1997). 

Two measuring points are enough for explosive charges whose D does not change along the 

path (Sućeska, 1997) (Agrawal, 2010). However, there are many real situations where this 

does not happen, such as charge initiation, shock-to-detonation transition, and detonation 

failure, or very small scale measurements (Plaksin, et al., 2002). In these cases, it is needed 

to obtain the detonation velocity throughout all the charge, which requires a complete 

perception of the DW propagation path throughout the explosive (Sućeska, 1997). 

The experimental methods used to determine D can be divided into five groups: 

1. Dautriche method, 2. optical methods, 3. electrical methods, 4. optical fiber methods, and 

5. microwave interferometry (Sućeska, 1995) (Sućeska, 1997) (Wei, et al., 2017). Instead of 

“optical method”, in this work was decided to use the nomenclature used by D. Tete, et al., 
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(2013) - photographic methods - to not make confusion with the optical fiber methods and 

with the ones developed during this thesis, since they are called optical passive and active 

methods. The following points will follow this division.  

2.1.1. Dautriche method 

The Dautrice method is based on the concept that two processes, which 

propagate with different linear velocities, will run distinct distances in the same time interval 

(D. Tete, et al., 2013). The difference between these distances will be a simple function based 

on the velocities of the two processes. Knowing the traveled distances and the velocity of 

one of the processes it is possible to determine the unknown velocity of the second process  

(Sućeska, 1997) (D. Tete, et al., 2013). 

A scheme representing the experimental set-up for this method is presented in 

Figure 2-1. Inside the charge is an explosive which velocity is unknown (DX) and has to be 

determined. For that, two holes (A and B), with a very well-determined distance between 

them (𝐴𝐵̅̅ ̅̅ ), are used to fix the two ends of a detonating cord, which has a very well-known 

D (DDC) and whose length was precisely determined (LDC). Bellow the detonating cord 

should be put a witness plate, normally out of aluminum or lead, in a way that the detonating 

cord middle point (M) is well marked and near to one of the extremities of the plate. When 

the detonation of the unknown explosive starts, it will reach point A, which will initiate the 

detonating cord. After a while, the DW will reach point B and initiate the other extremity of 

the detonation cord. After some time, the two DWs generated in the two extremities of the 

detonation cord will meet at the collision point (C), which will be very well marked at the 

witness plate (Sućeska, 1995) (Sućeska, 1997) (Meyer, et al., 2007) (Agrawal, 2010) (Tete, 

et al., 2014). Measuring the distance between M and C (𝑀𝐶̅̅̅̅̅), it is possible to determine DX 

(Sućeska, 1995) (Sućeska, 1997): 

𝐷 =  
Δx

Δt
  ⟺ Δt =  

Δx

𝐷
  

𝑡 𝐴𝑀𝐶̅̅ ̅̅ ̅̅ ̅ = 𝑡 𝐴𝐵𝐶̅̅ ̅̅ ̅̅   

𝐴𝑀𝐶̅̅ ̅̅ ̅̅

𝐷DC
=  

𝐴𝐵̅̅ ̅̅

𝐷X
+

𝐵𝐶̅̅ ̅̅

𝐷DC
 ⟺ 𝐷X =  𝐷DC

𝐴𝐵̅̅ ̅̅

2 𝑀𝐶̅̅̅̅̅
 (2.1) 
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Figure 2-1: Scheme of Dautriche method. Adapted from (Tete, et al., 2014). 

This very simple and inexpensive method, where no special and/or expensive 

apparatus are needed, is useful for rough estimations of D (Sućeska, 1995) (Sućeska, 1997) 

(Meyer, et al., 2007) (Agrawal, 2010), and suitable for testing cartridge explosives in 

unconfined spaces (D. Tete, et al., 2013).  

However, it presents some disadvantages: it is dependent on the accuracy of 𝐴𝐵̅̅ ̅̅ , 

𝑀𝐶̅̅̅̅̅ and LDC measurements and also on the detonation cord’s DDC, which means that this 

method lacks precision and accuracy (Sućeska, 1995) (Sućeska, 1997), being reported a data 

accuracy of around 4 to 5% (Agrawal, 2010). Such measurements have low reliability 

(Cybulski, et al., 1949). Nevertheless, all measurements, even performed with other 

methods, are conditioned by parameters as the type of confinement, charge diameter, and 

density. 

2.1.2. Photographic methods 

Since detonation is an auto luminous process, it is possible to continuously 

visualize and record its propagation throughout the explosive charge. With proper high-

speed cameras, it is possible to calculate the detonation velocity by making a distance vs 

time plot from the DW propagation or calculate it from the motion images/ video (Sućeska, 

1997) (D. Tete, et al., 2013). 

The high-speed cameras can be divided into five groups, according to their 

working principles: 1. rotating prism cameras; 2. rotating-mirror streak (or scanning) 

cameras; 3. rotating mirror framing (or integral image) cameras; 4. electronic cameras; and 

5. digital CCD (charged-coupled device) cameras (Sućeska, 1995) (Sućeska, 1997) (Honour, 

2009). The digital CCD cameras are divided into four subgroups: single CCD sensor, 
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intensified CCD sensor (ICCDs), solid-state framing, and ultrafast electronic streak digital 

cameras (Honour, 2009). The following points will follow these groups' division. 

2.1.2.1. Rotating prism cameras 

Invented by Tuttle in the ’30s of the last century (Fuller, 2009), rotating prism 

cameras use the refraction properties of a prism to move an image while the prism is rotating 

(Taylor, n.d.). The rotating optical prism just transmits imaging rays when its parallel sides 

are perpendicular to the camera’s optical axis, in any other orientation the image is 

completely blocked to be registered on the sensitive recording media - photographic film. 

As result, it is formed two images for each prism rotation. The prism rotation is mechanically 

synchronized with the film speed, to provide optical compensation and to allow the 

formation of images coherently separated in time. This mechanical synchronization is made 

by the film movement (pull and pushed by spools and sprocket drives) that accelerates the 

prism until the wished rotational recording speed. These cameras operate in framing and/or 

streaking modes (Honour, 2009). 

It is reported that these cameras have recording rates between 100 to 40000 

frames per second (fps) (Honour, 2009) (Fuller, 2009), a typical spectral response on the 

visible range of the electromagnetic spectrum, a spatial resolution up to 65 line pairs per 

millimeter (lp/mm) and typical time resolution of 1 μs, that can be lowered to 50 ns by using 

Cu pulsed lasers (Honour, 2009). 

For data processing, two consecutive images are always needed and the 

detonation velocity is calculated as the ratio between the distance traveled by the DW shown 

in such frames, and the time interval that passed between the same two frames of the film 

track (Sućeska, 1997). Figure 2-2 is an example of such two frames.  

 

Figure 2-2: Two frames from a rotating prism camera’s cinematographic schlieren record that shows a self-
sustained detonation propagating at CJ velocity, in an equimolar hydrogen-oxygen mixture. Adapted from 
(Oppenheim, 2008). 
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Rotating prism cameras have some attractive characteristics, like the recorded 

images are coherently separated in time; high framing rates; besides black and white, there 

is the possibility of colored images; and portability (Honour, 2009). Although with the 

development of high-speed cameras, these became unattractive, because they needed a large 

quantity of expensive photographic film (around 120 m), being the biggest part used only to 

mechanically rotate the prism at the wished recording speed; the part of the film used to 

register data needed very toxic chemicals for imaging processing, and it is hard to make the 

alignment between the camera and the explosive (Honour, 2009). 

2.1.2.2. Rotating-mirror streak (or scanning) and framing (or integral 
image) cameras 

The rotating-mirror cameras, as the prism ones, record the appearance and 

displacement of luminous zones coming from the propagation of the detonation process 

through an explosive charge (Sućeska, 1997). 

For the streak cameras, these zones are scanned across the perpendicular 

direction of an observation slit, with constant velocity, through the fast movement of a mirror 

that reflects the image on a stationary film track (Sućeska, 1997) (Honour, 2009). As a result, 

the acquired image is a line with distance-time coordinates: the spatial information 

(displacement of the DW through the explosive charge) is given by the observation slit’s 

direction, while the temporal information is supplied by the scanning direction 

(perpendicular to the slit) (Sućeska, 1997). 

In the case of the framing cameras, the image that is formed on the rotating 

mirror will be reflected into different relay lenses, which are aligned according to the 

different mirror’s angular positions. These reflections will be then recorded into the film, 

where it is possible to acquire one image for each lens. The mirror’s rotation ensures the 

separation between images on the film track and in time. The framing speed is fixed by the 

angular separation between lenses and by the mirror’s rotation speed; the exposure time is 

defined as the time needed for the light beam to go through each lens. The framing cameras 

also have a mechanical shutter that opens when it is reached the pretended writing speed. 

For both types, the rotating mirror speed (measured by a frequency meter) and trigger system 

are controlled electronically, being the mirror inserted into a high-pressure system to avoid 

mechanical stress, and the synchronization between the studied phenomenon and the 
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shooting can be made through a predetermined delay (Sućeska, 1995) (Sućeska, 1997) 

(Fuller, 2009). 

The images obtained by the rotating-mirror framing cameras are similar to the 

ones presented in Figure 2-2 and their treatment is the same as described for the rotating-

prism cameras. A typical record of a rotating-mirror streak camera is shown in Figure 2-3. 

The left bright border, shown as a relatively straight line, represents the path of the DW in 

distance-time coordinates; the right less bright border, much more perturbated than the left 

one, shows secondary processes of the detonation phenomenon (Sućeska, 1995) (Sućeska, 

1997). 

 

Figure 2-3: Buxton rotating-mirror streak camera photographic record of the detonation of a cylindrical 
charge of crystalline TNT. Adapted from (Cybulski, et al., 1949). 

The detonation velocity along the explosive charge is obtained through the 

differentiation of the distance-time line: 

𝐷(𝑡) =
𝑑 (

𝑥
𝑓

)

𝑑 (
𝑡
𝑣

)
=  

𝑣

𝑚
 
𝑑𝑥

𝑑𝑡
 (2.2) 

Where 𝑣 is the linear velocity of film track, 𝑚 is the image magnification and 

the 
𝑑𝑥

𝑑𝑡
 is the slope from the distance-time line (Sućeska, 1995). 

The D of the Seismoplast was measured with a rotating-mirror streak camera 

(Held, 2002). The streak record is shown in Figure 2-4 and it was acquired with the help of 

three mirrors, where mirror A was parallel to the camera and the other two (B and C) were 

making 45 degrees with the axial position, above and below it. The detonation velocity in 

such streak records is given by the inclined streak line (c) shown in Figure 2-4 and, the 

average D obtained in this study was 7500 m/s (Held, 2002). 
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Figure 2-4: Rotating mirror streak camera record obtained from the detonation of Seismoplast. Image from 
(Held, 2002) 

With recording rates up to 25 million frames per second (fps), these cameras 

have the same typical spectral response as the rotating-prism ones, a spatial resolution higher 

than 50 lp/mm and time resolutions of nanoseconds (Sućeska, 1995) (Sućeska, 1997) 

(Honour, 2009) (Fuller, 2009). 

In the advantages of the rotating-mirror cameras are included: high precision; 

fast time resolution; short exposure times that reduce the blur characteristic of a fast 

movement phenomenon coming from a motionless position; high framing rates; one image 

contains all the space-time information; good spatial resolution; few additional electronics; 

and the possibility to use colored film (Sućeska, 1995) (Sućeska, 1997) (Honour, 2009). 

As for disadvantages, these cameras present: as the previous ones, a hard 

alignment between the camera and the explosive charge, dependence on the detonation’s 

auto luminescence (without it there is no way to acquire data), and requirement of film 

processing. Characteristic of these cameras are: the hard interpretation of the detonation’s 

secondary processes; hard calibration of the working parameters that need to be coordinated 

between them, such as the rotation speed of the mirror, the angular separation between the 

lens (for framing cameras), the time synchronization between the explosive’s initiation and 

the camera’s trigger system; low sensitivity for faint events; complex optical system – 

requires many kinds of different lens; and low portability due to weight and size. 

Specifically, the framing ones have the disadvantage of needing more than one frame to 

determine the detonation velocity (Sućeska, 1995) (Sućeska, 1997) (Honour, 2009). 

2.1.2.3. Electronic cameras 

In the electronic cameras, the image of the phenomenon in study is formed, 

through the object lens, at the photocathode. The obtained optical image is converted into an 

electron beam, by means of electrode and anode focusing, which will form a sharp image of 
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the phenomenon on a phosphorus screen. This formed image is then photographed on a 

Polaroid or high-speed negative film (Sućeska, 1995) (Honour, 2009). 

The electronic cameras can work in the two modes - streak and framing. When 

in framing mode, after completing all the framing sequences, the electron beam is 

horizontally deflected by the shift plates, and a new image is formed on the screen. Through 

compensating plates, the electron beam is vertically deflected, originating two vertical 

images in all the framing sequence. The synchronization between the camera and the 

phenomenon in study is directly made by the electronic delay generators incorporated on the 

camera, which are responsible for a shutter activation coincident with the firing impulse. 

When these cameras are operating in streak mode, the electron beam is continuously 

deflected vertically through the screen, allowing a continuous registration of the 

phenomenon (Sućeska, 1997). Images from detonation phenomena registered by electronic 

streak and framing cameras are shown in Figure 2-5. 

 

Figure 2-5: Electronic camera records. At the left, a streak camera image of detonation propagation in 
shock-compressed nitromethane (from (Petel, et al., 2004)). At the right, a framing camera images 
sequence of the expansion of a thin cylinder filled with a not specified high explosive (from (Martineau, et 
al., 2000)). 

The analysis of the images presented in Figure 2-5 is done in the same way as 

already described for other streak and framing cameras presented before. For the left image, 

as indicated, the D of each phenomenon is given by the slope of each respective line. For the 

right framing sequence, the D is calculated by the different visible positions of the detonation 

phenomena in two (or more) consecutive frames, which time separation is well-known, as 

shown in Figure 2-5, right. 

According to the literature, electronic cameras can reach scanning speeds of 100 

mm/ms and in their characteristics are included: time resolutions that vary from nanoseconds 

(10-9 s) to tens of picoseconds (10-11 s); framing rates until 50 million fps; possible spectral 
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response from IR to UV (cover the electromagnetic spectrum from 200 to 900 nm); spatial 

resolutions of 5 to 10 lp/mm, depending on the framing rate; and the novelty that these 

systems, differently from the others described until here, have a gain, typically of 50 times. 

Other benefits of such cameras are: fast imaging processing - Polaroid films are readable in 

less than 1 minute; versatile working modes; and easier synchronization between the 

detonation process and the data acquisition, promoted by the incorporated electronic delay 

generators (Sućeska, 1995) (Sućeska, 1997) (Honour, 2009). 

Nevertheless, electronic cameras present some drawbacks, mostly from the 

user’s point of view: they have fragile image tubes; it is hard to make the focusing between 

the electrode and the anode, as well as to program the delay generators, due to the difficulty 

to determine precisely the delay between the explosive’s initiation and the camera’s shutter; 

they need expensive photographic films, being hazardous the high-speed negative ones, due 

to the need of chemical processing; the acquired images are few, small and can be distorted 

by the electronic optics; and they have lower spatial resolutions when compared to rotating 

cameras. To the streak ones, it is added the fact that they are not proper to measure D in big 

and/or heterogeneous explosive charges, due to their short acquisition times (Sućeska, 1995) 

(Sućeska, 1997) (Honour, 2009). 

2.1.2.4. Digital CCD (charged-coupled device) sensor cameras 

The CCD technology was developed at the end of the 1960s and, on such sensor, 

the images are registered on pixels (Honour, 2009) (Xing, et al., 2017). Pixels are 

microscopic picture elements produced in very high-resolution photolithographic film 

emulsions during a photomechanical process (Honour, 2009). This process is based on the 

generation of electronic charge when the incident rays hit the individual pixels, using the 

doped silicone-based material that forms the CCD sensor. These charges are then moved 

from the pixels to the buffer device, and from there to the amplifier. Then, through an analog-

to-digital converter (ADC), it is generated an output in sequence. To increase the intensity 

of the available light on the optical system, image intensifiers are used in the digital CCD 

sensor cameras (Honour, 2009) (Xing, et al., 2017). 

These cameras are divided into three groups: the single CCD sensor cameras that 

use only one sensor and a rotating mirror system for diverging the incident rays to the pixels; 

the intensified CCD (ICCD) sensor cameras, which possess a micro-channel plate (MCP) 

image intensifier connected to a CCD sensor, and a beam splitter to divide the incoming light 
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that is directed to the pixels; the solid-state framing cameras that use multiple ICCD sensors 

interfaced to an optical beam splitter; and the ultrafast electronic streak cameras, which 

possess high gain solid-state readout systems (Honour, 2009) (Xing, et al., 2017). For all of 

them, the acquired images are downloaded through an Ethernet connection between the 

camera and the control computer. They have local controls and an incorporated integral 

screen that allow focusing and image composition in real-time (Honour, 2009). For 

detonation studies, most of the presented cameras need additional light sources.  

At the beginning of the 1950s, the rotating -mirror system was successfully 

adapted to digital cameras thanks to the Miller principle, where the incoming light, separated 

sequentially by the rotating-mirror, has to pass through multiple fixed focusing objects to 

reach the photosensitive medium (Xing, et al., 2017). High radiative sources, like xenon 

flashes, are needed to register non or little radiative processes, such as the detonation process 

of a cylindrical charge on an aquarium test presented in Figure 2-6 (Honour, 2009). This 

figure has an example of a streak record (on top) and two framing photographs (bottom) 

from a Hadland Imacon 468 CCD camera (Brousseau, et al., 2002). The detonation velocity 

can be acquired from such images as it was already described before.  

 

Figure 2-6: Streak record (top) and frame photographs (bottom) from an aquarium test performed to an 
TNT/Al cylindrical charge. Image from (Brousseau, et al., 2002). 

The typical framing rates of these digital rotating-mirror cameras are in the range 

of mega frames per second (Mfps) and their resolutions between 2 and 8 megapixels per 

image (Xing, et al., 2017). Higher framing rates can be achieved by using binning methods 
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(the combination of a pixels’ cluster into a single larger pixel), but they reduce effectively 

the number of active pixels in the sensor (Honour, 2009).  

Among the advantages of these cameras are that the maximum speed and 

resolution can be achieved simultaneously, the image quality is comparable to the images 

produced by some film cameras and, for higher framing rates, multiple cameras can be 

complexed and controlled together. As for disadvantages, the movable mechanical device 

makes these cameras complex and fragile, one camera produces a limited number of frames, 

different manufactured CCD sensors used together can introduce measurement errors, 

spatially shifted frames can happen due to alignment issues, they have restricted portability 

because of their weight and size (Honour, 2009) (Xing, et al., 2017). 

Later on, at the beginning of the 1990s, it was developed the ICCD sensor 

cameras base on MCP image intensifiers. The principal task of such an image intensifier is 

to amplificated the incident radiation signal through the multiplication of the incoming 

photons (Xing, et al., 2017). Such MCP intensifiers connected to the sensor by optic fiber 

allowed higher photonic gains, which resulted in very short exposition times and modest 

light requirements characteristic from these cameras. Another novelty in these cameras was 

the possibility of retriggering the sensor, allowing the acquisition of a higher number of 

images, but it demanded inherent optical technology that affected the overall image quality, 

like the electron depletion of the MCP and the phosphor screen where copies of the real 

event are displayed. Very short decay phosphors are used in such screens. They allowed the 

capture of two images in a single ICCD, and they are responsible for the photoconversion 

characteristics of these cameras (Honour, 2009). Typical records of such cameras are shown 

in Figure 2-7 and they were used to characterize the shape and the speed of the detonation 

products of triaminotrinitrobenzene (TATB) (Sollier, et al., 2012). 

 

Figure 2-7: Expansion of the detonation products of TATB acquired by digital high-speed shadowgraphy 
with three gated ICCD cameras. 1.2 μs delay between images; 20 ns exposure time. Images from (Sollier, 
et al., 2012). 
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Commonly, the ICCD sensor cameras have photonic gains of few orders of 

magnitude and, at least, 8 channels of MCP-CCD sensors that allow the acquisition of 8 

sequential frames at speeds until 200 Mfps. Other characteristics of these cameras are: a 

common spectral range from 400 to 900 nm, being also possible from 180 to 800 nm; typical 

gains of 10 to 7000 times; and a maximum spatial resolution of 70 lp/mm (Honour, 2009) 

(Xing, et al., 2017). 

Other advantages, besides the ones presented until here, when compared to the 

single CCD sensor cameras are higher gain in the video signals, higher capturing rate and 

sensitivity, and improved image quality (Honour, 2009). The inconveniences associated with 

them are the increase of the noise level on the acquired images from the presence of image 

intensifiers; the number of recorded frames is quite low; hard to perform an accurate trigger; 

the optics associated with the retriggering system can hide details and degrade the global 

quality of the acquired image; phenomena as the MCP’s electron depletion and the 

endurance of the phosphor screen can cause (alone or in simultaneous) ghosting and image 

retention; the used extremely short decay phosphors have weak photonic conversion 

characteristics; the increase on the video signal gain can have a prejudicial visual effect in 

the image quality (Honour, 2009) (Xing, et al., 2017). 

Solid-state framing cameras are more advanced ICCD sensor cameras, which 

means that they capture image sequences at even higher framing rates since they possess 

multiple ICCD sensors interfaced with the beam splitter. This advancement was possible 

thanks to the developments on the beam splitters, like the application of the kaleidoscope 

principle, where a sequence of images is produced on a segmented intensifier connected to 

a high-resolution CCD. Such systems were improved with relay optics that, besides being 

responsible for controlling the image forming rays and giving depth to the image without 

damaging it, solved the problem of the amount of light that reached the recording media. 

The overall image quality was enhanced by the increase in the number of pixels in the CCD 

sensors and by improved ADCs that allowed 12-bit digitalization, also responsible for a 

reduction in the video noise. The higher spatial image quality and reduced distortion were 

reached by the use of more advanced (proximity-focused) image intensifiers, also 

responsible for the extremely short exposition times, the reduced use of big and powerful 

light sources, and for the control of the sensibility of each channel. In opposition to the 

ICCDs cameras, the solid-state framing cameras cannot be retriggered, which means that the 
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problems associated with the electron depletion of the MCP and with the phosphor decay 

characteristics no longer exist. The solid-state framing cameras accommodate a more 

advanced integrated display, which makes possible the in-situ image confirmation and the 

dismiss of a control computer for set-up proposes. These cameras also have complex, but 

more user-friendly, trigger systems that can be used to synchronize the camera with the 

experiment and/or with other equipment (Honour, 2009). 

Figure 2-8 shows 6 inverted frames from a solid-state framing camera, the SI 

SIM 16 Channel Framing Camera (Specialised Imaging, n.d.). The shown test was done to 

determine the characteristic energy of the explosive in a cylinder test, but other detonation 

parameters can be taken from those framing images, such as a rough estimation of the 

detonation velocity. 

 

Figure 2-8: Inverted framing images from a cylinder expansion test from (Specialised Imaging, n.d.) 
acquired with a solid-state SI SIM 16 Channel framing camera.  

The SI SIM 16 Channel Framing Camera has as features: 16 individual channels, 

a dynamic resolution between 36 and 50 lp/mm, exposure times between 3 ns and 10 ms, a 

single input optical beam splitter, time between frames from 1ns to 1 ms, framing rate up to 

1 billion fps, an active CCD pixel 1360(H) x 1024(V), a delay to first exposure from 50 ns 

to 10 ms and a dynamic range of 12 bit (Specialised Imaging, n.d.). Other features included 

in the solid-state framing cameras are an overall system’s resolution higher than 50 lp/mm, 

recordings up to 24 sequential frames with rates over 1 billion fps, and associated exposures 

times of 1 ns, being possible to reach exposure times until 200 ps (Honour, 2009) (Xing, et 

al., 2017). 

Other “pros” from these cameras are: the higher flexibility provided by the 

higher framing rates; the small parallax discrepancy that their images may present can be 
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corrected with programmable software; the acquired images present higher contrast and no 

ghosting thanks to the fact that the image intensifiers cannot be retriggered; higher accuracy 

and reproducibility ensured by a quartz clock; when distances longer than 100 m are needed 

between the camera and the control computer and the Ethernet cables cannot be longer used, 

fiber optic media converters can be used instead, which are especially useful when these 

cameras have to work in an electrically noisy environment. The appointed “contras”, in the 

beginning, were a low sensitivity and the long standard exposure periods of 100 ns; but the 

one that still prevails is that the image quality of these cameras is not good as the ones that 

use film as recording media. The quality of such images is still questionable because the 

light amount that reaches the recording sensor is still restricted to the extremely short 

exposition times that are needed to capture images from ultrafast movements (Honour, 

2009). 

Ultrafast electronic streak cameras were developed to register phenomena that 

change their luminous intensity profiles within picosecond or sub-picosecond time scales. 

They are included in the digital cameras, due to their high gain solid-state readout systems, 

formed by an MCP intensifier connected to silicone-based sensors by optical fiber, that 

overcome the need for additional intensification of the registered images, and their complex 

image acquisition system is based on microprocessor technology. They could be also 

included together with the electronic cameras (as the name suggests) since they use image 

tubes to direct the light to the recording media. These cameras are even more versatile than 

the ones presented until here since their mainframe has the option to insert different modular 

drive circuit configurations. Such drive configurations include single-shot operation, where 

a single exposition has to supply enough photoelectrons to produce a registrable image; 

synchroscan operation that registers low-intensity repetitive events, and it is dependent on a 

very fast frequency power oscillator to scan the electron beam across the phosphor screen, 

constructing an image with time; and retrace blanking operation can be used similarly as the 

synchroscan, however, so that this operation is advantageous, the return sweep of the 

electron beam is biased off the phosphor screen.  

An image from a streak record is shown in Figure 2-9. This streak record was 

obtained to observe the space-time breakout curvature of the DW generated on a CL-20 

pellet by a detonator, with sub-nanosecond resolution. This record was captured at a 
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maximum sweep speed of 25 ns/mm, which corresponds to an achieved temporal resolution 

of 0.225 ns/pixel for all experiments (Murphy, et al., 2019). 

 

Figure 2-9: Streak record of the DW breakout through the surface of a CL-20 pellet, acquired with an 
Optronis SC-20 streak camera. The image develops from bottom to top. Image from (Murphy, et al., 2019). 

According to the producer (Optronis GMBH, 2020), these series of cameras have 

temporal resolutions inferior to 600 ps, a time base between 120 ns and 3 μs, a spectral 

response between 350 nm and 950 nm, and a readout time of around 6 seconds. But, in 

general, such systems have a typical spectral response between 200 and 800 nm, but it is 

possible to have it between 200 and 1600 nm; a minimum temporal resolution of 200 fs; a 

system gains from 50 times that can exceed 500 times and a spatial resolution of 20 lp/mm 

(Honour, 2009). 

Other characteristics of the ultrafast electronic streak cameras that are valuable 

are the versatility and commodity that come from the different trigger systems that depend 

on the experiment; the broad spectral response, from IV to UV; more sensitive than the film 

cameras, because they do not need such great intensification to compensate the losses that 

come from the film cameras’ complex optical systems; very high framing rates (up to 106 

fps) are reachable using multiple framing image converter cameras with fast decay phosphor 

image intensifier screens; and accurate and reproducible recording sequences. The less 

pleasant features of these cameras include: rigid constraints on the tube and circuit designs, 

due to the high degree of sweep linearity that is needed to perform synchroscan and retrace 

blanking operations; high technological thoroughness, since the input optics has to be 

carefully matched with to the image tube spectral response; the need of additional sensitivity 

to produce a properly exposed image; complex control software that has to be written by 

computer programmers (Honour, 2009). 
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Common to all digital CCD sensor cameras is the possibility of local and remote 

control; the convenience and time-saving characteristics of these sensors that can display the 

acquired image sequence within seconds, which also allows the quantitative measurements 

of the recorded image sequence to be made in-situ and immediate changes on the 

experimental parameters; the existence of proper software to improve, modify and enhance 

the definition of the digitalized images; more convenient storage, fast sharing a fast 

reproducibility of the acquired images, since they can be kept in small and easy access 

electronic retrieval systems, it can be made copies from the copies and the quality of the 

copied images will be the same as the original one. Nevertheless, often the images produced 

by CCD sensors do not have the same quality, resolution, and detail as the ones registered 

in photographic films, because pixels have bigger areas and they are not randomly dispersed, 

like the silver halide crystals in the fine-grain emulsions of the photographic films (Honour, 

2009). 

2.1.3. Electrical methods 

According to (Sućeska, 1997), the electrical methods use one of the two 

detonation phenomena to acquire data: the detonation products of a DW are strongly ionized, 

which means that they can conduct electric current that can be used to make a short circuit 

between two or more probes; and the destructive power (coming from the pressure) of the 

DW makes it able to mechanically destroy one or more probes. 

The existing D systems can be divided into two major groups (Venkatesh, et al., 

2001), the discrete and the continuous systems. The discrete systems, where D is measured 

between two or more discrete points, are systems that include two kinds of probes, ionization 

and electrocontact types, and two kinds of time acquisition systems, the electronic 

chronometers and the fast oscilloscopes (Sućeska, 1997). The continuous ones, that measure 

continuously D along its path, include the resistance wire, and the SLIFER (short Location 

Indication by Frequency of Electrical Resonance), and they are based on the reduction of the 

sensor’s length by the action of the DW (Venkatesh, et al., 2001) (D. Tete, et al., 2013) (Tete, 

et al., 2014). 

2.1.3.1. Discrete systems 

In these systems, two or more probes are inserted into an explosive sample with 

a very well-determined distance between them. The time that the DW wave takes to travel 
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from one probe to the next one is recorded by electronic chronometers or fast oscilloscopes 

(Sućeska, 1997). The D is then commonly calculated by the ratio between the known 

distance between probes and the acquired time. 

The most basic of these systems consists of two probes that are connected to an 

electronic chronometer. When the DW arrives at the first probe, the timing clock is started 

and it will be stopped when the DW arrives at the second probe (Sućeska, 1997) (D. Tete, et 

al., 2013) (Tete, et al., 2014). The velocity probes work like an electrical switch, where a 

short circuit between two conductors is generated by the passage of the DW. The electrical 

impulses, which control the electronic chronometer, are generated by a capacitor that 

discharges when the electric contact of the associated velocity probe is closed. Electronic 

chronometers can have time resolutions inferior to nanosecond scale and measuring time 

intervals up to 100 ms (Sućeska, 1997). A scheme of such a system is shown in Figure 2-10. 

 

Figure 2-10: Scheme of a discrete D system based on two velocity probes and an electronic chronometer. 
Image from (Sućeska, 1997). 

These point-to-point systems work with two different types of probes, the 

ionization, and the electro contact types. The ionization probes’ performance is dependent 

on the ability that the strongly ionized detonation products of the DW have on conducting 

an electric current. This electric current, when the DW meets the probe, will short circuit the 

two conductors of the probe, originating then the discharge of the associated capacitor. There 

are four different types of such probes: the twisted wires, the pins, the printed circuits, and 

the stripped ionization probes (Gois, 1995) (Sućeska, 1997). The electrocontact, or 

mechanical probes are more complex and, probably due to that, are barely present in the 

actual literature, where just two works were found (Mendes, et al., 1993) (Gois, 1995) that 

are not on open access. The close or the breakage of the electrical circuity is made 
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mechanically, due to the pressure that the DW applies on the probes (Gois, 1995) (Sućeska, 

1997). Two types of probes are described in (Sućeska, 1997), one that consists of a copper 

tube with a partially non-insulated copper wire inside, and another that consists of two 

conductive metal foils separated between them by a thin insulation foil. On both of them, the 

short circuit is caused by the compression that the DW applies on them in a way that, in the 

first, the non-insulated part of the copper wire is squeezed against the copper tube, while in 

the second type is the destruction of the insulation foil and consequent touch between the 

metal foils that originates the closure of the electric circuit (Sućeska, 1997). 

The discrete systems can also be used with fast oscilloscopes. In these cases, the 

arrival of the DW to the sensor will cause the closure of the electric circuit, the capacitor’s 

discharge, and a voltage jump on the resistor, which is recorded by the fast oscilloscope. The 

oscilloscope is triggered by an additional probe that is placed near the first measuring probe. 

The fast oscilloscopes can be analog or digital, both give oscillograms that show the voltage 

peaks described above and both can use the two probe types already defined (Sućeska, 1997). 

Although, the analog ones are obsolete, being the ultra-fast signal recording digital 

oscilloscopes with ionization pin probes used nowadays. A typical record from the pin 

ionization probes connected to a digital oscilloscope applied to HWC (RDX/Wax/Graphite) 

pressed charges is shown in Figure 2-11, as well as the equivalent graph with the important 

times and distances registered on it.  

 

Figure 2-11: Raw image was taken directly from the oscilloscope screen (left) and its treated version by 
Excel (right), where it is shown the arrival time of the detonation front and the distance between the 
ionization pins. Both images were taken from (Nevstad, 2015). 
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2.1.3.2. Continuous systems 

As said before, the continuous systems to measure D can be divided into two 

groups: the continuous resistance wire method, and the SLIFER, which will be presented. 

The United States Bureau of Mines (USBM) developed the resistance wire 

continuous D system at the beginning of the 1960s. This system is based on Ohm’s law. In 

practice, a resistance wire probe, with known resistance per length unit, is inserted into the 

explosive probe along its longitudinal axis, with a constant current passing through it. The 

electric circuit is then closed by the arrival of the DW, due to its strong ionization. While the 

DW is traveling through the explosive charge, the probe is being consumed with it, which 

makes a voltage change that is proportional to the length of the destroyed probe. In this way, 

the position of the DW can be continuously monitored (Sućeska, 1997) (Venkatesh, et al., 

2001) (D. Tete, et al., 2013) (Tete, et al., 2014). 

Analytically, the probe resistance according to time (𝑟(𝑡)) is given by equation 

(2.3), where 𝐿(𝑡) is the probe’s length and rp the probe’s electric resistance per length unit. 

𝑟(𝑡) = 𝐿(𝑡)𝑟p (2.3) 

A constant current (𝐼s) is flowing through the probe, which means that the 

voltage probe output (V(t)) in the moment t can be known through equation (2.4). 

𝑉(𝑡) = 𝐿(𝑡)𝑟p𝐼s (2.4) 

Rearranging (2.4) according to L(t) and substituting it in (2.3), it is possible to 

obtain the detonation velocity at any time instant by equation (2.5). 

𝐷(𝑡) =
𝑑𝐿(𝑡)

𝑑𝑡
=

1

𝑟p𝐼s

𝑑 𝑉(𝑡)

𝑑𝑡
 (2.5) 

At least, there are six different types of continuous resistance probes described 

in the literature (Sućeska, 1997), but the common are the ones formed by two insulated 

twisted wires together, and the ones that consist of one coated wire place inside of a small 

tube that performs as the second wire (Venkatesh, et al., 2001). 

Mendes, et al. (1993) measured the detonation velocity of industrial explosives 

using a resistance wire continuous D system, with a parallel double thin resistive wire as a 

probe. The obtained oscillogram (V(t)) for dynamite is presented in Figure 2-12 (left). From 

this result, the authors could also trace the evolution of the detonation front displacement 

(L(t)). The obtained D for dynamite in this work was 5900 m/s. 



 

 

Optical Fiber Metrology for Detonation Characterization of Energetic Materials  

 

 

54  2021 

 

 

Figure 2-12: Obtained oscillogram from the detonation of dynamite (left) and variations of the voltage (V(t)) 
and the sensor length (L(t)) along the time from a resistance wire continuous measurement (right). Images 
from (Mendes, et al., 1993). 

The continuous resistive wire method is an uncomplicated method, reliable, easy 

to assemble, with low-cost consumables, that truly provide continuous D measurement 

throughout an explosive charge when the wires are properly shorted during the detonation 

process. It also allows studying other phenomena, like the detonation initiation (signal 

transition on the oscillogram shown on the left side of Figure 2-12) and the detonation front 

displacement according to the time (L(t) on the right part of Figure 1-12) (Mendes, et al., 

1993) (Venkatesh, et al., 2001) (D. Tete, et al., 2013). Nevertheless, these systems need a 

very stable direct current source, if the wire does not decrease its size continuously and 

reliably, they will give wrong results, excessive electronic noise, and severe dropouts 

(Sućeska, 1997) (Venkatesh, et al., 2001) (D. Tete, et al., 2013). 

Sandia National Laboratories developed the SLIFER (Shorted Location 

Indication by Frequency of Electrical Resonance) continuous D system for measurement of 

the DW propagation in nuclear explosions. This system consists of a short coaxial cable, 

connected to an oscillator circuit, that is inserted into the explosive sample. While the 

detonation follows its path, this coaxial cable decreases its length, which makes an increase 

in the oscillation frequency (Figure 2-13, left). By monitoring this frequency along the time, 

it is possible to determine the rate of change in the cable length leading and, thus, determine 

the D of the studied explosive (Venkatesh, et al., 2001). The measured frequency can be 

converted in real-time to a voltage signal (Figure 2-13, center) using an onboard electronic 

package or by an external frequency to voltage converter (Heusinkveld & Holzer, 1964) 

(Venkatesh, et al., 2001). This data is then linearized and inserted into a consumed cable 
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length versus time plot, where the D can be acquired from the slope of the resulting trace 

(Figure 2-13, right) (Venkatesh, et al., 2001). 

 

Figure 2-13: Representative images from the SLIFER data acquisition and treatment. The right and left 
images are from (Venkatesh, et al., 2001) and the middle one from (Heusinkveld & Holzer, 1964). 

It is reported that the SLIFER is an excellent method to use in the laboratory 

environment, but it is not advised to use in field applications. This happens because each 

sensor must have an oscillator in line and such cable cannot be longer than 66 m, which 

means that the SLIFER system has to be put close to the experiment (Venkatesh, et al., 2001) 

(D. Tete, et al., 2013) (Tete, et al., 2014). 

2.1.4. Optical fibers methods 

The optical fibers (OFs) have the ability to detect and transmit light, which 

makes them viable as detonation velocity probes. Since the detonation phenomena emit 

radiation, using optical fibers it can be recorded by fast streak cameras, or converted into an 

electrical signal by a fast photodiode and recorded by a fast-digital oscilloscope, or another 

suitable ultrafast signal acquisition technique (Sućeska, 1997) (D. Tete, et al., 2013). 

In this work, the OF methods are divided into discrete and continuous methods, 

according to their abilities to measure the D by determining, by point-to-point, the time that 

the DW needs to move between two or more probes inserted through the charge, or by 

tracking continuously the DW propagation by following a change of a known OF property 

like the refractive index, respectively (Pachmáň, et al., 2017). The OFs, as probes, also can 

be divided into two groups: the passive probes that are dependent on the detonation radiation, 

and the active probes, which are dependent on an external source of radiation. 

2.1.4.1. Discrete passive optical fiber methods 

The discrete passive optical fiber techniques consist of placing the OFs in very 

well determined positions, typically normal to the charge’s axes, and throughout the 

explosive charge. Since these techniques are passive, it means that the optical probes detect 
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and transmit the radiation emitted by the DW. What varies most in these systems are the 

recording systems used to acquire signals from which the time intervals are obtained. 

It was found in the literature that these systems can work with timing clocks 

(Xiaoyan, et al., 2011) (D. Tete, et al., 2013) (Tete, et al., 2014), ultrafast digital 

oscilloscopes (Quaresma, et al., 2016) (Prinse, et al., 1999), interface based on a 

microprocessor board (Pachmáň, et al., 2017), and a transient recorder (Quaresma, et al., 

2018) (Quaresma, et al., 2019) (Quaresma, et al., 2020). In all these techniques, the 

detonation radiation is transformed into an electrical signal by photoelectric conversion. 

Xiaoyan, et al. (2011) describes a timing clock system based on the field 

programable gate array (FPGA). This system is composed of two optical fibers to detect and 

conduct the detonation radiation to the photoelectric conversion circuit. There, the light 

signal is transformed and amplified into an electrical signal. The counting of the time is 

initiated when the first signal arrives at the FPGA processing circuit and is finished by the 

arrival of the second signal since this system is sensitive to the rising voltage of the converted 

luminous signals. In the end, the time between probes and the respective D is shown in the 

LCD module. The detonation velocity (𝐷) is calculated by equation (2.6), where ∆𝑥 is the 

distance between probes, N is the clock number and 𝑓𝑆 is the crystal frequency of the system. 

𝐷 =
∆𝑥

𝑁
𝑓𝑆 (2.6) 

The authors do not specify the time resolution of the system, but they claim that 

it is feasible, steady, has a high measuring precision, is simple to manipulate and it is not 

susceptible to electromagnetic interference (Xiaoyan, et al., 2011). 

Prinse, et al. (1999) used one single optical fiber and a fast-digital oscilloscope 

to measure the D of an HNS II (Hexanitrostilbene type II) explosive. In this work, the OF is 

put in the detonation propagation axis. This probe, a PMMA OF with 1 mm diameter, has 

the particularity of being drilled with holes (0.2 mm diameter) lengthways, which distance 

between them is well known (increasing from 0.5 to 2 mm). So, when the DW reaches a 

hole, the air that is inside it will be ionized, due to the compression of the hole, and a light 

pulse is generated. This light pulse will then be converted by an optical-electrical converter 

and registered by the oscilloscope. Part 2 of Figure 2-14(right) shows the result obtained 

from this technique. 

The reported characteristics of this system are: an optical-electrical converter 

with a bandwidth of 125 MHz; a rise time around 4 ns and a fall time of 14 ns for 
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measurements between 10 and 90% of the optical pulses, and the width of the signal at 10% 

of the amplitude is around 20 ns (Prinse, et al., 1999). This system looks to be of easy 

assemblage, but the drilling of the fibers seems to be a hard and time-consuming process that 

needs specialized handwork to be done precisely. A reported disadvantage about this system 

is the increase of the signals’ intensity with the reduction of the length of the probe, which 

makes initial low-intensity signals; this happens due to the damage induced on the fiber by 

drilling the holes (Pachmáň, et al., 2017). 

 

Figure 2-14: Experimental set-up (left) and acquired results (right) recorded with a single drilled OF inserted 
axially into the charge. Images from (Prinse, et al., 1999). 

The OPTIMEX system, described in (Pachmáň, et al., 2017), is a D meter 

recently developed to study the detonation characteristics of explosives by passive optical 

probes. It consists of three subsystems connected between them by printed circuit boards: an 

analog front-end subsystem that is associated with each channel and makes the optical to 

electric conversion employing optical/electrical converters, amplifiers, and low-pass filters 

components; a digitizer subsystem that converts the analog electric signals in digital data, 

which is then stored in an internal memory of FPGA; and a microprocessor/microcontroller 

board used to communicate the data to the user and for the setup of the measurement 

parameters like triggering modes and insertion of distances between probes.  

OPTIMEX works with glass (GOF) and plastic (PMMA) optical fiber (with 1 

mm diameter) probes, it is available in handheld and table-top versions, where the first one 

has 8 channels and the other one can have up to 64 channels. Both systems are equipped 

with 12-bit ADCs with sampling rates of 250 MSa/s and 4 ns time resolution (Pachmáň, et 

al., 2017). An example of a measurement made with OPTIMEX to detonating cord, with 8 

GOF probes is shown in Figure 2-15 (Pachmáň, et al., 2017). The authors also used the “S” 
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technique with a single PMMA OF and they reported the problems already referred to above: 

low data readability, partially overlapped signals, and peaks with unclear origin. 

According to the authors (Pachmáň, et al., 2017), the passive PMMA OF probes 

are the most suitable for discrete D measurements, because of their high resistance to 

electrical noise and adverse environmental conditions; they are easy to assemble and do not 

require a special tool to handle with; and their commercial availability. As inconvenient, 

they point to the thickness of the fiber, where 2 mm diameter is excessive for some samples 

and their relatively high attenuation when compared to GOFs. By their side, GOF probes are 

cheap for being widely used in telecommunication systems; they are versatile due to their 

modes (single and multi), diameter ranges, and assemblage, being possible to have many in 

one single cable. The disadvantages of GOFs are their low mechanical robustness and, for 

some explosives, low light gain that leads to adjustments on the attenuation of the light 

detectors (Pachmáň, et al., 2017). 

 

Figure 2-15: Experimental set-up (left) and the respective acquired results (right) from a D measurement of 
detonating cord using the OPTIMEX system. Images from (Pachmáň, et al., 2017). 

2.1.4.2. Continuous passive optical fiber methods 

The continuous passive optical fiber methods are the ones that use a strip of 

optical fibers to detect and transmit detonation light quasi-continuously to a signal recorder.  

The works performed by Mendes et al. (2006, 2012) to characterize emulsion 

explosives (EEx) used a multi-fiber optical probe (MFOP), a strip with 64 independent 

PMMA optical fibers with 250 μm diameter each; one of its ends was inserted 12 mm inside 

the EEx charge, while the other was connected without any intermediate optics to an 

electronic streak camera Thomson TSN 506 N, which allows a quasi-continuous evaluation 

of the DW velocity. The last 4 mm of the MFOP was embedded in a PMMA plate and put 

at the end of the explosive charge, to acquire the SW velocity in PMMA induced by the DW 
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of EEx. The used experimental set-up and the respective acquired results are shown in Figure 

2-16. A description of electronic streak cameras and how to determine the D from their 

records was made in point 2.1.2.3. 

This high-resolution optical fiber method has a spatial resolution of 250 μm and 

a maximum temporal resolution of 0.6 ns. It is useful to determine the characteristics and 

performance of new energetic materials and their compositions, it allows the study of the 

ignition phase of the DW formation in explosive crystals and it works with small samples 

(around 1 g) (Plaksin, et al., 2002) (Plaksin, et al., 2002 (2)). This method allowed to observe 

detonation phenomena occurring at mesoscale, namely the kinetic oscillations occurring in 

the detonation reaction zone (DRZ) that induces local variations on detonation velocity 

(Plaksin, et al., 2006) (I. Plaksin, 2008) and showed the interrelation between the irradiation 

from the reaction front surface (nonuniform and time-varying) and the DRZ structure. 

Specifically, it was observed the effect of the absorption and localization of radiative energy, 

transferred from the reaction zone to the PBX bulk, on the formation of the DRZ 3D structure 

during the shock-to-detonation transition (SDT). Experimental evidence obtained at a wide 

variation of the HMX particle sizes (0.58 µm < d50 < 960 µm), point to the fact that the 10 -

30 ns-width precursors arise as a result of the photoexcitation and radiation heating while 

the reaction light is scattered within the bulk of the HMX composite and absorbed by the 

HMX particles (Plaksin, et al., 2010). 

Besides the advantages e disadvantages already presented in 2.1.2.3. for the 

electronic cameras, like their high costs, it seems to be the hard the acquisition of such fiber 

strips, which implies a laboratory preparation that should be very time consuming and needs 

specialized worker skills. 

 

Figure 2-16: Experimental set-up (left) and photo chronogram (right) for the DW propagation in an EEx with 
30% Al and its resultant SW propagation in PMMA. Images from (Mendes, et al., 2006) (Mendes, et al., 
2012). 
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2.1.4.3. Continuous active optical fiber methods 

The continuous active optical fiber methods measure continuously the D of 

explosives through the variation of an external or induced source of radiation, like an 

amplified spontaneous emission (ASE) source or a laser diode, that is caused due to the 

destruction of the optical fiber probes by the DW that are inserted into the explosive or in its 

surface. Examples of such probes are the chirped fiber Bragg grating (CFBG) that work with 

ASE source (Rodriguez, et al., 2014) (Barbarin, et al., 2015) (Rodriguez & Gilbertson, 2017) 

(Wei, et al., 2017), and the rare-earth-doped fibers that use a laser diode to induce 

spontaneous emission of the rare-earth sources (Pooley, et al., 2019). Both methods use fast 

oscilloscopes to register the obtained signals. 

The CFGB was developed in 2004, at the McDonnell Douglas and Blue Road 

Research by Eric Udd to measure the shock velocity in water. A CFGB sensor consists of an 

optical fiber, typically with 150 μm diameter, which core was grated with a known chirp 

rate. Since the refraction index of the optical fiber varies with the grading, it is possible to 

establish a relation between the wavelength of light reflected from the CFBG and the grating 

position by the Bragg wavelength equation (Wei, et al., 2017). A scheme of the experimental 

set-up associated with the CFBG sensors is shown in Figure 2-17. Light from an ASE source, 

centered at the telecommunication C-band (1525 – 1565 nm), is sent to a 3-port power 

circulator via a single-mode fiber system. The power circulator directs the light to the CFBG 

sensor through port 2, which can be inserted into the explosive sample or on its surface. 

While the DW travels throughout the explosive charge, the shock-processed portion of the 

grating in the probe does not transmit or reflect any light, because of the high change on the 

local refraction index and damage to the grating structure. Since the chirp in the CFBG is 

linear, the spectral encoding of the CFBG wavelength reflection band is linear with the 

length. The reflected light that comes from the CFBG sensor is again directed to port 2 of 

the power circulator, where it is then detected at port 3 using a fast photodetector and 

recorded by the fast oscilloscope (Rodriguez, et al., 2014). 
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Figure 2-17: : CFBG detonation detection system. Image from (Rodriguez, et al., 2014). 

The measurement of the reflected light intensity, by the CFBG during the 

detonation process, gives a ramp-down signal type (Figure 2-18, left) that can be linear if the 

detonation is established and ideal optical components are used. The signal’s intensity can 

be transposed into a position (Figure 2-18 middle) through calibration and, consequently, 

can be obtained the DW position according to time which allows determining the D profile 

of the studied explosive, through the slope of the obtained graph (Figure 2-18 right) 

(Barbarin, et al., 2015). The CFBG sensors can be used to determine the D of individual 

explosives (Barbarin, et al., 2015) (Rodriguez & Gilbertson, 2017) (Wei, et al., 2017), they 

can be used to study the D of different consecutive explosives charges and they can also 

track shock position of a SW in inert materials (Rodriguez, et al., 2014) (Rodriguez & 

Gilbertson, 2017). 

 

Figure 2-18: Experimental result of TNT D using the CFBG sensor and the system described above, where 
the graph of the left is the oscilloscope signal, the middle one the CFBG response in function of distance, 
the right one is the position vs time diagram with the fitted D. Image from (Barbarin, et al., 2015). 

Rodriguez and his co-workers (Rodriguez, et al., 2014) (Rodriguez & 

Gilbertson, 2017) claim that the temporal resolution of the method is at the ten-nanosecond 

level and the spatial resolution along the CFBG is in the 50 μm to the sub-millimeter range, 

but it is dependent on other parameters’ like length, chirp rate, and spectrum; the chirp rates 
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can vary between 0.35 and 3.45 mm/nm and the length of the sensors between 10 and 200 

mm; They measured the D of PETN datasheet with CFBG sensors and they showed an 

accuracy level of 0.13% when compared with the results from the electrical wire pins that 

were performed in parallel. It is reported that the relative standard uncertainty of the D is 

below 1%, higher chirped rates give more accuracy to the measurements (Wei, et al., 2017). 

Comparing with other methods, like streak cameras or electrical pins, the CFBG 

sensors provide very good detonation and shock tracking performance; they are adequate for 

experiments that need embedded sensors and/or for experiments where the D should be track 

continually, but it can change suddenly; good tracking on the D changes of the interfaces 

when applied to different explosives in simultaneous (Rodriguez, et al., 2014) (Rodriguez & 

Gilbertson, 2017). These sensors can be considered non-intrusive and flexible when fixed 

on the charge’s surface; they allow a good signal-to-noise ratio due to the grating reflectivity; 

the system becomes insensitive to spectral distortions when it is properly calibrated 

(Barbarin, et al., 2015). They can be used in liquid explosives and metals; they are versatile 

in their application mode since they can be inserted into the sample or just in contact with it; 

it is a method with good stability, high accuracy, and good reproducibility; the small size is 

advantageous when the probe is needed to be into the explosive sample (Wei, et al., 2017). 

As for disadvantages: this system is expensive; the short sensor’s lengths 

sometimes are not enough for establishing a steady flow across reactive boundaries; they 

lose their abilities to track the SW position on an inert material when the pressure generated 

by the SW is not strong enough to properly damage the probe, but this can be surrounded by 

a complex time-streak spectrally-resolved approach (Rodriguez, et al., 2014) (Rodriguez & 

Gilbertson, 2017). The linear part of the grating response is normally distorted, due to the 

non-flat spectrum provided by the optical source and to the non-perfectly flat spectral 

response from the different fiber components; the reflected spectra of two CFBG sensors 

from the same batch can be different; this system is hard and complex to calibrate; the 

calibration has to be performed always before each experiment and without damaging the 

sensors; the real active grating length of the probe is shorter than the advised by the producer; 

to have a clear result, a steady detonation should be established (Barbarin, et al., 2015). The 

CFBG sensors are challenging to implement since they are sensitive to strain and 

temperature nonuniformities; the manufacture of these probes is difficult and expensive 
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when their lengths exceed few centimeters, because of their structural complexity; the 

acquired raw results always need to be processed to be analyzed (Pooley, et al., 2019). 

The use of rare-earth-doped optical fibers as D continuous and active probes was 

initially applied in 1994, by J. D. Weiss, who used elongated-cladding optical-fiber probes, 

co-doped with neodymium and phosphorous, to measure shock propagation in detonating 

cord with lengths up to 19 m. This technique is based on the fact that the total power of 

fluorescence captured from a pumped active fiber is dependent on its length (Pooley, et al., 

2019). 

The description and application of this technique are made in a recent work 

performed by Pooley and his co-workers (Pooley, et al., 2019), where they used 

commercially available Erbium (Er) fibers to perform D tests to sensitized liquid 

nitromethane. The Er-doped fibers, due to their composition, can be induced into fluorescent 

spontaneous emission by being pumped by a laser diode. In this system, this emitted 

fluorescence, which is omnidirectional and dependent on the dopants number into the fiber, 

is filtered through a wavelength division multiplexing (WDM) coupler and acquired by a 

photodetector. When these fibers are embedded in the explosive sample, the DW will 

consume the fiber, which provokes a strong reduction in the fiber’s fluorescent dopants and, 

consequently, a decrease in the power measured by the photodetector. A scheme 

representative of this concept is presented in Figure 2-19 

 

Figure 2-19: Basic set-up for the application of a rare-earth-doped fiber as an active and continuous D 
probe. Image from (Pooley, et al., 2019) 

To measure the D of an explosive composition with such technique is needed to 

achieve a linear correspondence between the length of the fiber and its emitted power, which 

demands a complex calibration procedure that is dependent on five parameters: dopant type, 

dopant concentration, pump power, pump wavelength, and fiber length. When this is 
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achieved, the system is able to record the evolution of the DW position over time and, after 

some mathematical treatment, graphs like the green ones shown in Figure 2-20 (right) can 

be obtained (Pooley, et al., 2019). Figure 2-20 (left) shows the set-up that Pooley et al. (2019) 

used to measure the D of liquid nitromethane. It consisted of a 1 m long Er-doped fiber rolled 

helically around a copper tube (30 cm long), where the explosive was inserted. This test was 

performed two times in identical ways and the acquired Ds, from the slope of the graphs, 

showed in Figure 2-20 (right), were 6.37 and 6.38 km/s. 

 

Figure 2-20: Scheme of the set-up using an Er-doped fiber as D probe (left) and the graphs resultant from 
the system’s acquired data. Images from (Pooley, et al., 2019) 

It is reported (Pooley, et al., 2019) that this technique was able to measure the D 

within 2% of the expected value, it has its highest spatial resolution (± 2 mm) when the fiber 

is helically inserted on the probe; the probe length had an associated uncertainty of ±2.5%; 

the used fibers (I-12) had total fluorescent power of 4.5 nW/mm; the fluorescent signal was 

monitored by a 125MHz detector and the output voltage was recorded by a 10-bit DAQ 

system with 1.25 GS/s. 

According to the authors (Pooley, et al., 2019), the strong points of this method 

as a continuous measurement of D are: simplicity, scalability, low cost, ease to 

implementation, minimally invasive, commercially available probes; relatively insensitive 

to strain and temperature variations, which make them user friendly to non-specialized users; 

the probes can be scaled up to multimeter lengths; few post-processing data work. 

The drawbacks of rare-earth-doped fibers as active continuous D sensors are, 

mostly, the very hard, complex, and time-consuming pre-calibration that they need to 

perform linearly. Besides that, the sensors never work totally linearly; the selection process 

of the pump laser diode and the rare-earth-doped fibers is hard and complex, since their 

characteristics should match as much as possible, and it can limit the length of the probe; 

low power fluorescent signals; big charges are needed; very long probes (1 m) are needed 

for small measurement lengths (10 cm) (Pooley, et al., 2019). 
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2.1.5. Microwave interferometry 

Microwave interferometry (MI) is a continuous D measuring system that is based 

on the Doppler effect (Cook, et al., 1955) (McCall, et al., 1985). In MI it is produced a fringe 

pattern, resultant from an advancement in phase of the reflected microwaves in relation to 

the incident microwaves. This phenomenon can be used to measure the D of explosives 

because SWs and DWs can reflect microwaves. The detonation front performs as a dielectric 

discontinuity, which makes incident microwaves be reflected with a continuously advancing 

phase in relation to the incident signal. The phenomena that contribute to the good 

reflectivity of the shock and detonation waves are the density discontinuity of the shock front 

and the ions from the chemical reactions (Cook, et al., 1955) (Vuppuluri, et al., 2018). 

MI has been used to study deflagration- and shock-to- detonation processes in 

explosives, but it is most commonly used to determine their D. Detonation velocity (D) can 

be determined by MI through equation (2.7), where 𝜆g is the interference wavelength and 𝑓 

the frequency (Vuppuluri, et al., 2018). 

𝐷 =
𝜆g

2
𝑓 (2.7) 

The interference wavelength is calculated from equation (2.8) that is dependent 

on the free-space wavelength (𝜆0), the relative permittivity of the material (𝜀r) and on the 

cutoff wavelength (𝜆c), which is defined as the minimum wavelength under which 

electromagnetic waves will not propagate within the confiner and it is dependent on the 

confinement’s geometry (Vuppuluri, et al., 2018). 

𝜆g =
𝜆0

√𝜀r − (
𝜆0

𝜆c
)

 
(2.8) 

The permittivity for a mixture is given by the Landau-Lifshitz/Looyenge relation 

that, simplified for an explosive material and air, is given by equation (2.9), 

𝜀𝑟
1/3

= (𝜀𝑟,𝑇𝑀𝐷

1
3 − 1)

𝜌0

𝜌TMD
+ 1 (2.9) 

where 𝜌0 is the explosive density and 𝜌TMD is its theoretical maximum density 

(TMD) (Vuppuluri, et al., 2018). 

D experiments were performed by Vuppuluri and coworkers (Vuppuluri, et al., 

2018) using MI. They used this technique on HMX charges, MDNT/CL-20 cocrystals, and 

MDNT/CL-20 physical mixtures. The experimental set-up used by them and the raw data 
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from a typical detonation test are shown in Figure 2-21 and Figure 2-22, respectively. This 

set-up consisted of an Al foil between the booster and the explosive sample to ensure that 

the start of the detonation could be clearly felt by the MI signal, and a PTFE rod, inserted 

into the end of the sample, used as a waveguide. The end of the PTFE waveguide was 

inserted into a port on the custom-built 35 GHz microwave interferometer, that was 

connected to the oscilloscope by triple-shielded cables. 

 

Figure 2-21: Microwave interferometry experimental set-up used by Vuppuluri et al. Image from 
(Vuppuluri, et al., 2018) 

A portion of the MI typical unfiltered data from a detonation experiment is 

shown in Figure 2-22 (left) and it needs an elaborated mathematical analysis to reach the 

distance-time plots (Figure 2-22, right), where the D of the explosive can be determined. The 

original signal is the one presented as CH1 in Figure 2-22, while CH2 is a quadrature signal 

that has 90o phase offset from CH1 and was used to improve the spatial resolution of the 

method. The shape of the waveform is used to make an estimative of the duration of the 

detonation process and, having as a base that time interval, the correspondent part of each 

waveform is selected. Both signals have to be filtered, to reduce noise, and their amplitudes 

normalized. With the filtered and normalized waveforms, the instantaneous phase (φ(t)) is 

calculated resorting to a phase unwrapping algorithm. From the instantaneous phase, the 

detonation velocity can be defined by equation (2.10) (Vuppuluri, et al., 2018). 

𝐷(𝑡) =  
𝜆g

4𝜋
 
𝑑𝜙

𝑑𝑡
 (2.10) 

Making the integral of equation (2.10) according to time, the position of the 

waveform according to time is given by equation (2.11) (Vuppuluri, et al., 2018). 

𝑥(𝑡) =  
𝜆g

4𝜋
 𝜙(𝑡) (2.11) 
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The dynamic interference wavelength is obtained by solving equation (2.11) 

according to 𝜆g, by knowing the length of the explosive sample and the total phase of the 

detonation experiment. The position-time plots shown in Figure 2-22 (right) are built using 

equation (2.11) and the wavelength obtained by measuring the permittivity of HMX, but the 

interference wavelength obtained from the detonation test can also be used (Vuppuluri, et 

al., 2018). As always, the slope of the plots will be correspondent to the D of the explosive 

in study. 

 

Figure 2-22: Microwave interferometer’s raw data from a typical detonation experiment (left) and the 
resultant position vs time plots of HMX detonation tests. Images from (Vuppuluri, et al., 2018). 

In this work (Vuppuluri, et al., 2018), the interference wavelength determined 

by detonation measurement (dynamic wavelength) was 2.66% lower than the one measured 

by permittivity (measured wavelength), due to the error in the determination of the 

detonation’s duration needed to determine the total phase. After some corrections on the 

average density of the tests, the HMX detonation velocity was 7130 ± 27 m/s at an average 

density of 1.4 g/cm3, being its standard deviation below the measurement uncertainty 

(Vuppuluri, et al., 2018). It is reported that MI has a position error of 0.2 mm, time errors of 

± 10 ns, phase error of ± 2o, the accuracy is around 4% of the wavelength of the microwaves 

conducting cable (McCall, et al., 1985). 

MI is an advantageous technique because it is sensible to D differences small as 

100 m/s or less; it suitable for D measurements when few quantities of the energetic material 

are available (less than 1.5 g); it is claimed to have a much higher resolution than the pins 

measurements; it is a non-intrusive technique (McCall, et al., 1985) (Vuppuluri, et al., 2018). 

The less bright side of the method shows that it is very sensitive to density 

changes, so the sample-to-sample control was very tight; it needs very precise hardware; the 

microwaves have to be carefully chosen in a way that they pass through the fresh explosive, 
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but they have to be reflected by the DW; so that the measurement is trustable, the detonation 

needs to be steady in its entire path, so a perfect match between the densities of the booster 

and the charge is needed; sometimes, the waveguides are large structures that perturb the 

experiment; raw signal subject to noise; the raw signal can be of complex analysis and, thus, 

hard to peak pick and to define the detonation’s duration; complex mathematical analysis to 

reach the distance vs time plot; suitable to error propagation since many parameters are 

determined experimentally (Cook, et al., 1955) (McCall, et al., 1985) (Vuppuluri, et al., 

2018). 

2.2. Detonation pressure techniques 

In the first half of the previous century, dynamic methods based on different 

physical principles, to determine detonation wave parameters, were developed worldwide 

(Sućeska, 1995). Despite DW velocity being a relatively easy measurement, the detonation 

pressure (or CJ pressure) was, and still is, one of the most relevant parameters of biggest 

relevance (Chaos, et al., 2018). However, some authors consider that the experimental 

determination of this parameter is not widespread and computational calculations are 

preferred over the experimental tests (Pachman, et al., 2018). 

The detonation pressure (PCJ) of an explosive charge can be determined, through 

equation (1.54). To measure experimentally the CJ pressure of an explosive, considering that 

𝜌0 is easily measured, as well as 𝐷 by one of the techniques presented in point 2.1 of this 

chapter, it is necessary to measure one of the other three parameters: PCJ, uP, CJ, or 

US (interface). 

According to some authors (Sućeska, 1995) (Al'tshuler, et al., 1989), the 

methods that are able to measure these parameters can be divided into two groups: the 

internal methods group, that record directly the detonating parameters, and the external 

group which methods are based on the registration of the final state of an inert material 

barrier after being shocked by the DW. In this work, these methods will be divided into direct 

and indirect methods.  

The direct methods imply that the used technique is assembled directly into the 

explosive charge and can measure in situ one of the desired parameters, P(t) or uP(t). The 

indirect methods are the methods that register the state of an inert material barrier, which 

Hugoniot curve is known, after it was shocked by a SW or DW. The indirect methods can 
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be divided into three subgroups (Pachman, et al., 2018): i) methods that measure the particle 

velocity in inert materials adjacent to the charge; ii) methods that determine the shock wave 

velocity in inert materials; and iii) methods that determine the P(t) history through a gauge 

embedded in an inert material. The following points will present techniques that fit into the 

referred division of methods. 

2.2.1. Direct methods 

The direct methods, where the used techniques are directly assembled into the 

explosive charge, can measure directly one of these two parameters: uP(t) or P(t). A method 

found that was quite used in the past to measure the particle velocity according to time was 

the electromagnetic method, which will be described in the following point. To determine 

the pressure according to time, it was found some works where manganin (Anderson, et al., 

1981) (Urtiew, et al., 1986) and polyvinylidene fluoride (Bauer, 1999) gauges were inserted 

into the explosive sample, but since these gauges always have insulation/protection package, 

it is important to have in mind that the P(t) profile is referent to the inert material where the 

shock wave is propagating. Some authors just consider that the inert material has a density 

very close to the explosive and, thus, the P(t) profile in the inert material is the same as in 

the explosive and they extrapolate immediately the CJ pressure in the explosive (Bauer, 

1999) (Vantine, et al., 1980). 

In this work, it is considered that the protective inert material should be taken 

into account, even with low changes of densities between the inert material and the 

explosive. An impedance matching calculation is always needed to obtain the CJ pressure. 

For this reason, the manganin and the polyvinylidene fluoride will be described in the 

indirect methods. 

2.2.1.1. Measurement of the particle velocity - Electromagnetic induction 
method 

When a magnetic field passes throughout an electric circuit, it is generated an 

electromotive force (EMF) which is independent of the variation of the field (Gois, 1989). 

This phenomenon is called electromagnetic induction and it is used in the determination of 

the particle velocity histories of the detonation products of an explosive. For that purpose, 

electromagnetic particle velocity (EPV) gauges are embedded into the explosive sample 

(Cowperthwaite & Rosenberg, 1981) (Cowperthwaited & Rosenberg, 1983). 
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The EPV gauge is based on the principle that an EMF is generated when an 

electrical conductor is moving in a fixed magnetic field, and it is proportional to the velocity 

of the conductor. Since in these experiments it is required that the conductor, the motion, 

and the magnetic induction are mutually orthogonal and each uniaxial, the Faraday’s law of 

induction for moving circuits (2.12) is applicable (Cowperthwaite & Rosenberg, 1981) 

(Cowperthwaited & Rosenberg, 1983): 

𝐸(𝑡) =  𝐵 𝑙 𝑢(𝑡) (2.12) 

where 𝐸(𝑡) is the EMF, t is time, 𝐵 is the magnetic induction field, 𝑙 is the length 

of the conductor, and 𝑢(𝑡) is its velocity. 

Inserting an EPV gauge, into an explosive and submitting it into a uniform 

magnetic field, it will get animated with the velocity u perpendicular to B and, in its 

terminals, it is produced a voltage difference that is possible to read on an oscilloscope (Gois, 

1989). EPV gauges can be made from different materials, like aluminum (Gois, 1989) 

(Cowperthwaite & Rosenberg, 1981) (Cowperthwaited & Rosenberg, 1983) and copper 

(Urtiew, et al., 1986). The first ones are never shielded, while the second ones can be 

(Lorentz gauge) or not (Faraday gauge). Normally, these aluminum gauges have a rectilinear 

“U” shape, where the crossbar of the “U” is the active element of the gauge, and its “legs” 

(or leads,) are responsible to conduct the signal out of the experiment, using shielded cables, 

a resistor and oscilloscopes to register the voltage across the resistor (Cowperthwaite & 

Rosenberg, 1981) (Cowperthwaited & Rosenberg, 1983). In the case of the copper EPV 

gauges, these can be formed by a thin copper foil (Lorentz gauge) or by a thin copper disk 

(Faraday gauge), with the same electric circuit in the terminations as the previous gauges. 

These Cu gauges are represented in Figure 2-23 and a multiple gauge test in detonation RX-

26-AF explosive is reported (Urtiew, et al., 1986). 

 

Figure 2-23: Schemes of the Lorentz (left) and Faraday (right) gauges. Image from (Urtiew, et al., 1986). 
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The most common (Al) EPV gauges were reported to be used single (Gois, 1989) 

or in series (Cowperthwaite & Rosenberg, 1981) (Cowperthwaited & Rosenberg, 1983), as 

represented in Figure 2-24. In the first one, the gauge is glued to a PMMA disk that closes 

the tube, it is an Al stripe with 0.2 mm thickness and 5 mm width that is molded in the way 

shown in Figure 2-24 (left), being 10 mm bright and 10 mm high (Gois, 1989). The gauge 

block that is shown in Figure 2-24 (right) is composed of Al stripes with 0.15 mm thickness 

and 3 mm width, their active elements are 25.4 mm long and the leads vary in high; the series 

of gauges is assembled on linen-phenolic blocks that support and ensure the position of the 

gauges while casting the used explosive (Composition B and Amatex 20) (Cowperthwaite 

& Rosenberg, 1981). To generate the magnetic field for the single EPV gauge, it was used 

two electromagnets composed of two Cu coils (strings with 0.6 mm diameter) (Gois, 1989). 

In the case of the gauge block, the magnetic field was generated by Helmholtz coils wound 

on plywood frames (Cowperthwaite & Rosenberg, 1981) (Cowperthwaited & Rosenberg, 

1983). In both cases, the voltages were measured with oscilloscopes. An example of records 

from a gauge block inserted on coarse-grained Amatex 20 is shown in Figure 2-25, as well 

as the smoothed particle velocity histories obtained after the Lagrange analysis to such 

records (gauges 4, 6, 7, and 8). 

 

Figure 2-24: Schemes of a single EPV gauge (left) prepared on a detonation experiment (image adapted 
from (Gois, 1989), and a gauge block formed by EPV gauges in serie assembled on an explosive target with 
0.2 m diameter (image from (Cowperthwaite & Rosenberg, 1981)) 
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Figure 2-25: EPV gauge records from a gauge block (left) and the smoothed particle velocity histories 
obtained from them (right). Adapted from (Cowperthwaited & Rosenberg, 1983). 

Gauges records, produced by thin foil gauges based on magnetic induction, are 

claimed to be highly resolved in time. Other advantages that the Cu gauges present are that 

they can achieve accuracies of 1% and they are more resistant to the detonation products 

than the Al gauges. The Faraday gauge works in conducting detonation products without 

protective insolation (Urtiew, et al., 1986), as well as the Al gauges (Cowperthwaite & 

Rosenberg, 1981). Advantages of both gauges are that they can be applied in single or multi 

configurations; from an u(t) diagram it is possible to determine the histories of the specific 

volume (V/V0), pressure, and adiabatic gamma; they can be used in parallel with other 

techniques that do not use magnetic fields in their operations; they are suitable for casted 

explosives (Urtiew, et al., 1986) (Cowperthwaited & Rosenberg, 1983) (Cowperthwaite & 

Rosenberg, 1981). This technique is useful to determine CJ parameters and partial release 

isentropes from the CJ point (Cowperthwaite & Rosenberg, 1981). 

As for disadvantages, the Cu gauges are not as good as the Al gauges in terms 

of shock impedance match; the Teflon armor that the Lorentz gauge needs to keep its 

integrity in the hostile detonation environment increases the gauge thickness, causing a 

decrease in the system response and, consequently, it limits the resolution of the method to 

fractions of microseconds instead of the desired few nanoseconds (Urtiew, et al., 1986). In 

general, this method just can be applied to non-magnetic, non-conducting materials which 

viscosity allow a uniform distribution around the gauges (Gois, 1989), limiting the energetic 

compositions that can be tested; the gauges are not easy to construct neither to assemble into 

the explosive samples (Urtiew, et al., 1986); records presented noise and disturbances on the 
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gauges when the downstream gauges entered the wavefront (Cowperthwaited & Rosenberg, 

1983), the conductivity of the wavefront seems to affect the gauge circuits (Cowperthwaite 

& Rosenberg, 1981) (Cowperthwaited & Rosenberg, 1983); the gauge block needs a 

considerable amount of explosive to work properly (Cowperthwaite & Rosenberg, 1981); 

the magnetic fields are not easy to generate and calibrate and require expensive materials for 

such proposes. 

2.2.2. Indirect methods 

As said before, the indirect methods are the ones that register the final state of 

an inert material barrier, with a known Hugoniot curve, after it was shocked by a SW or DW. 

These methods are considered indirect because the CJ pressure is not acquired directly, it 

has to be always calculated by the impedance matching technique (IMT) since the SW 

parameters are always obtained at the interface point (i) between the inert material Hugoniot 

and the inverse of the Rayleigh (R-1) line of the explosive. An example of the graphic to 

determine the CJ state by IMT is shown in Figure 2-26, where the experimental points 

(intersection points) are shown in black and white squares and triangles. In this example, 

four inert materials were used and it was determined the isentropic of the detonation products 

(and a part of the Hugoniot of the unreacted explosive, above the CJ state) by a quadratic 

fitting, instead of using the R-1 line of the explosive. But many works just use one inert 

material and the R-1 line of the explosive to determine the CJ state, as initially referred to. 

 

Figure 2-26: Graphical representation of the IMT technique applied to an RDX-based explosive by using 
four different inert materials. Image from (Künzel, et al., 2017). 

These methods can be divided into three groups (Pachman, et al., 2018). In the 

first group is measured the particle velocity in inert materials adjacent to the explosive. One 

way to measure the particle velocity of an inert material (normally a metallic flyer with a 
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known Hugoniot curve) is to measure its free-surface velocity in air, which is known to be 

approximately double of the uP at the interface explosive/inert material (Pachman, et al., 

2018) (Cook, et al., 1962) (Lorenz, et al., 2015) (Duff & Houston, 1955). Some of the 

techniques that can measure the free-surface velocity of an inert material and that will be 

described further on are the streak camera and photonic Doppler velocimetry (PDV). 

Another way is to determine directly the particle velocity at the interface explosive/inert 

material. This can be achieved with laser interferometric techniques, but it implies using 

transparent inert materials, such as water, PMMA, and lithium fluoride (LiF). The laser 

interferometric techniques that will be described in this work will be Fabry-Perot, VISAR, 

and PDV. 

The second group contains methods that register the shock wave velocity (US) 

in inert materials, also with known Hugoniot curves. These methods can measure the time 

that the SW needs to reach determined positions throughout the inert material. The 

techniques that are included in this group and will be further described are streak cameras 

registering images of the shock wave propagating in inert materials; and optical fiber 

techniques. 

The third group determines directly the P(t) profile acquired by a gauge 

embedded in an inert material, which is then placed inside the explosive charge or at the end 

of it. The facts that the gauge is embedded in the inert material and that can be placed at the 

end of the charge are what differs them from the gauges presented at 2.2.1. In this group, it 

will be reported the manganin and the polyvinyl fluorine (PVDF) gauges. 

2.2.2.1. Measurement of the free-surface velocity to determine the 
particle velocity at the interface explosive/inert material 

The following points will present techniques that allow the determination of the 

free-surface velocity (ufs) of an inert material, where ufs = 2 uP(i), as referred to before. 

Generally, the velocity of a metal disk previously fixed at the end of the charge 

and accelerated by the DW is measured as ufs. This experiment is repeated several times for 

discs with different thicknesses. As ufs = 2 uP(i), the particle velocity (uP(i)) as a function of 

disk thickness presents a behavior depicted in Figure 2-27 where the point (b,v) is associated 

with the CJ point.  



 

 

  Detonation Metrologies 

 

 

Joana Quaresma  75 

 

 

Figure 2-27: Representation of the free-surface velocity of a metal plate as a function of the plate thickness. 
Image from (Duff & Houston, 1955). 

Streak camera 

During the photographic methods (2.1.2.) it was intensively described four 

different types of streak cameras, according to their working principle and evolution of the 

internal components. This point will not focus on the characteristics of the cameras anymore, 

but on how they are used to measure the free-surface velocity of inert materials.  

The free-surface velocity (ufs), corresponding to the uP(i), can be determined by 

the measurement of the free-surface velocity of an explosive-driven plate according to the 

plate thickness (Deal, 1957). There is a study (Deal, 1957) that achieved this by measuring 

the ufs of 24 ST aluminum, which thicknesses varied between 1.85 and 50.88 mm, which 

was driven by four different explosive compositions (RDX, TNT, 34/36 Composition B, and 

77/23 Cyclotol). It was used a rotating-mirror streak camera, with a writing speed of 3.2 

mm/µm, that recorded the experiments through a slit and swept on the film in a direction 

perpendicular to the slit image. 

The experimental set-up of this study (Deal, 1957) is shown in Figure 2-28 (left) 

and it consists of making the inert material, that is driven by the explosive, move through 

argon-filled gaps placed on Plexiglas blocks. When the inert plate starts to move, the argon 

gaps closer to its surface are compressed and, consequently, emit a shiny and fast flash of 

light. After the flying plate traveled the well-determined distance d, it meets again another 

argon gap, which will go under the same process. These flashes of light are recorded 

producing the record shown in Figure 2-28 (center). The time between these light flashes is 

the free-run time, which allows calculating the ufs. By plotting the usf according to the IM 

plate thickness (Figure 2-28, right), it is possible to extrapolate the ufs for zero thickness and, 
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thus, to have the uP(i). Then, by IMT using the Hugoniot curve of 24 ST aluminum (Dural) 

and the R-1 line, it is possible to obtain the pressure and the particle velocity at the CJ point. 

 

Figure 2-28: Experimental set-up for the measurement of ufs using argon-filled gaps (left); an example of 
the record acquired by the streak camera (center); and an obtained ufs vs Dural plate thickness graph, 
where ufs is obtained. Images from (Deal, 1957). 

The bigger advantage of this method is that in one single test several 

measurements of ufs can be taken. On the other hand, the disadvantages of it are related to 

the extreme care that the experimental set-up needs to be made, as the high precision to keep 

the dimensions of the gaps always equal, as well as the depth of the offset, so that the 

measurements are taken before occurring shock reverberations. This last parameter limits 

the thickness of the inert material to be not smaller than 1mm (Deal, 1957). 

Another method is to use water as a pressure gauge, by observing the free-

surface velocity as the shock emerges from it (Cook, et al., 1962). It was used a rotating-

mirror streak camera and an explosive flash bomb as backlighting. The aquarium set-up was 

used, which is represented in Figure 2-29 (left), with the slit view of the streak camera lying 

along the charge axis, being especially careful that the free surface was coincident with the 

system’s optic axis. Varying the height (h) or varying the pressure generated by the shock-

generator charge allowed to change the velocity of the SW in the air surface, and the set-up 

configuration ensured that the ufs was constant over a relatively long distance. The record 

acquired by such configuration using Composition B is shown in Figure 2-29 (right), where 

it is possible to observe the attenuating shock wave, the release wave, and the free-surface 

“wave”. By knowing the camera writing speed and by the application of the proper 

magnification factor, it was possible to determine the ufs from the slope of the acquired trace 

(Cook, et al., 1962). With ufs determined, the procedure described above was applied using 

the water’s Hugoniot and the R-1 line of Composition B.  



 

 

  Detonation Metrologies 

 

 

Joana Quaresma  77 

 

 

Figure 2-29: Aquarium test used to measure the free-surface velocity in water (left) and the correspondent 
obtained streak record. Images from (Cook, et al., 1962). 

This technique had demonstrated to be reliable and in agreement with similar 

studies. The difficulties of this technique lay in the alignment of the streak camera with the 

experiment, the demand for aquariums with proper dimensions, so that the SW in water 

propagates faster than the shattering of the glass (Cook, et al., 1962). 

Photonic Doppler velocimetry 

The photonic Doppler velocimetry (PDV) is a technique that is quite recent, 

being its initial system reported by Strand, et al. (2006) as the heterodyne velocimeter. 

According to Strand, et al. (2006), the heterodyne method can be schematically 

described in Figure 2-30. It consists of a probe that contains lens to focus light onto a moving 

surface. This light is supplied by a laser with a well-determined wavelength. This laser light 

(with frequency f0) should be well focused on the target and, while the target is moving, a 

part of this light is reflected by it and it is collected by the same probe as Doppler-shifted 

light (with frequency fd) that is, then, sent to the detector. At the same time, a similar amount 

of the incident light is sent directly from the laser to the detector. All the lights are transported 

from each component employing single-mode optical fibers. At this point, at the detector is 

generated a beat signal that consists of an interference of two individual signals of different 

frequencies, f0 and fd. This beat signal is recorded on a digitizer of large bandwidth. 
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Figure 2-30: Scheme of the heterodyne velocimeter. Image from (Strand, et al., 2006) 

The frequency of the beat signal (𝑓𝑏(𝑡)) is the absolute value of the difference 

between the (𝑓𝑑)and the initial laser frequency (𝑓0) and it is related to the velocity 𝑣(𝑡) by 

equation (2.13), where c is the speed of light. 

𝑓𝑏(𝑡) =  2 (
𝑣(𝑡)

𝑐
) 𝑓0 (2.13) 

In reality, such apparatus is a displacement interferometer, because the beat 

signal reaches one full cycle when the moving surface moved along a distance correspondent 

to a half of the wavelength of the laser (𝜆𝐿), which means that each time that the target runs 

one of these lengths (normally some hundreds of nanometers), it is recorded a full beat cycle. 

The average of the velocity (𝑣) over a cycle can be related to the period of a full beat cycle 

(𝒫) by the equation (2.14). 

𝑣 =  

1
2 𝜆𝐿

𝒫
 

(2.14) 

The procedure to determine the period of a full beat cycle is not trivial, since 

there are signals that can have such high frequencies that the individual cycles cannot be 

resolved in a full-time base, like the one shown on the left side of Figure 2-31. Strand, et al. 

(2006) propose some different analysis to determine the beat signal period, but the elected 

method was a sliding Fourier transform method (1024-point Fourier transform windows), 

that is well described at (Strand, et al., 2006). Other authors also opted for methods related 

to Fourier transform techniques (Sollier, et al., 2012) (Pachman, et al., 2018) (Kucera, et al., 

2018). 

In this study (Strand, et al., 2006) it is described, between other applications, 

how to use this technique on an explosively driven metal. Figure 2-31 shows the obtained 

raw data (left), the spectrogram calculated through the 1024-point Fourier transform 
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windows applied to the raw data (center), and the velocity vs time graph that was extracted 

from the spectrogram (right). A detailed explanation of these acquired results is also given 

in (Strand, et al., 2006). Lorenz, et al. (2015) explains in a detailed way the correlation 

between the free-surface velocity vs time graph and the shock phenomenon on the moving 

plate. 

 

Figure 2-31: The raw data (left) obtained from an explosively driven metal experiment; spectrogram 
(center) obtained by treatment of the raw data with the 1024-point Fourier transform windows; and the 
graph velocity vs time (right) obtained from the spectrogram. Images from (Strand, et al., 2006) 

In the last 10 years, it is possible to find works that used PDV on the 

measurement of the free-surface velocity. Examples of that are its application to the 

expanding products from the detonation of TATB (Sollier, et al., 2012); to determine the 

detonation pressure of A-IX-1 (RDX based explosive) with Al plates of different thicknesses 

(Pachman, et al., 2018); to calculate the CJ pressure and the expansion energy of LX-16 

(PETN based explosive) by using Al or Cu plates in the disk acceleration experiment (DAX), 

where corrections to the calculation of the CJ pressure by IMT were suggested (Lorenz, et 

al., 2015); to study the LX-17 (TATB based explosive) detonation characteristic using Al 

plates (Tarver, 2010); to establish a methodology that is applied to the welding process with 

explosives that tracks the entire velocity history of an accelerate plate and its collision 

velocity in the welding process (Kucera, et al., 2018). The PDV technique can reproduce 

graphs of the two species described at the beginning of 2.2.2.1, as is shown in Figure 2-32, 

where the a) graph shows the determination of ufs by the intersection between two velocity 

profiles dependent on the thickness of the material, and the c) shows linear adjustments to 

the decaying part of the first pullback region of the PDV record (b) for estimation the initial 

free surface velocity uFS*of plate driven by DW. 
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Figure 2-32: a) Free-surface velocity of aluminum flyers for different plate thicknesses (image from 
(Pachman, et al., 2018)); b) DAX spectrograms obtained from LX-16 for thin plates of Al and Cu; c) 
estimation of the initial free surface velocity uFS*of Cu plate driven by DW (images from (Lorenz, et al., 
2015)). 

The advantages reported about the PDV are: good time resolution (2 ns), free-

surface velocity records of long duration (Sollier, et al., 2012); simple, compact, commercial 

available parts can be used when is being custom built, no need of extra components to 

resolve effects like fringe jump ambiguities, robust against large variations of intensity 

fluctuations, Fourier transform techniques allow to see multiple discrete velocities and also 

dispersion (Strand, et al., 2006); high precision, few equipment needed, can be applied to 

small samples (75 mm length, less than 20 g) and to big samples, excellent repeatability, 

sensitive measurement of the CJ pressure, easy to assemble and field, allows a continuous 

record of the interaction of the DW with the moving plate (Lorenz, et al., 2015); permits the 

determination of the pressure and the particle velocity of the von Neumann spike, and of the 

time and the thickness of the reaction zone, with 10 shots it is possible to have a good quality 

of the particle velocity profile (Pachman, et al., 2018); gives very good insight of the 

explosive welding process (Kucera, et al., 2018). 

The disadvantages presented by this technique are: the laser emitting wavelength 

should have quite narrow linewidths to originate a usable fringe contrast in the beat signal; 

medium-high cost; it cannot distinguish the direction of the movement (toward the probe or 

moving away from it) when it has the same velocity (Strand, et al., 2006); the velocity 

resolution of the PVD spectrograms are limited by the use of the Fourier transform for data 

evaluation, it is necessary to make many shots to have a full particle velocity profile, which 

is expensive and time-consuming, the extrapolation of the data to a zero flyer thickness 

causes uncertainty on the results (Pachman, et al., 2018). 
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Electro contact type of probe with oscilloscopes – pins 

The working principle of the electro contact type of probes connected to 

oscilloscopes was already described in 2.1.3.1. This type of probes can also be applied to the 

measurement of the free-surface velocity of an explosively driven inert material (Duff & 

Houston, 1955) (Minshall, 1955), but it needs a more complex electronic system than the D 

measurements and it seems that is not a chosen technique nowadays, probably due to 

problems like the earlier discharge of the pins due to the preceding shock wave in the air, 

metal spray jetted out from the surface, the surface is not plane enough or the movement is 

not totally parallel to the probes, and the need of big amounts of explosive (Duff & Houston, 

1955) (Minshall, 1955). 

This technique consists of putting such probes on the periphery of the inert 

material, where each probe has a very well-known distance between it and the inert material 

that is going to be driven by the explosive in study (Duff & Houston, 1955) (Minshall, 1955). 

According to the studies found about this topic (Duff & Houston, 1955) (Minshall, 1955), it 

was used one or more sets of 6 pins, that were connected according to the scheme of Figure 

2-33(left). Each time that the flyer plate reaches a pin, a signal appears in the oscilloscope 

(Figure 2-33, right), which polarity is dependent on the circuit. In one of the studies (Duff & 

Houston, 1955), the pins were steel screws, and a 30-megacycle calibrator was used to 

provide the time base. With the times given by the oscillogram and the known distances from 

the pins to the inert material is possible to make an x(t) graph where Ufs can be obtained, and 

then plot it according to the thickness of the inert material that gave such Ufs. This method 

was applied to Composition B that drove different types of steel and tungsten (Minshall, 

1955), or to aluminum foils and dural (Duff & Houston, 1955). 

 

Figure 2-33: Electronic circuit used to measure the Ufs with electro contact pin probes (left) and an obtained 
oscillogram (right). Images from (Duff & Houston, 1955) and (Minshall, 1955), respectively. 
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2.2.2.2. Direct determination of the particle velocity at the interface 
explosive/inert material 

The following interferometric technics allow the direct measurement of particle 

velocity profile (uP(t)) of a moving reflective surface that is inserted between the explosive 

and the inert material and that is considered to move with the inert material due to the 

expansion of the detonation products. From this uP(t) is then possible to extract uP(i) and 

proceed to the determination of the CJ state by IMT. 

PDV 

To use this technique to obtain the particle velocity profile of PMMA at the 

interface with an explosive it is necessary to place a thin metal layer, that can be Cu (Chaos, 

et al., 2018) or Al (Pachman, et al., 2018), between the explosive and the PMMA window. 

The PVD probe is placed on the end of the PMMA block, in a way that the laser is incident 

on the metal surface and reflected on it, as described before in 2.2.2.1. 

In (Chaos, et al., 2018), a Cu disk was accelerated by the detonation wave of 

LX-16. The PDV technique was used to measure the free surface velocity of this disk. During 

the acceleration process was observed that the reverberations suffered by the disk were 

produced by the interactions of the shock wave with the detonation products, as is shown in 

Figure 2-34. It was assumed that each step change in velocity was correspondent to a 

reflection at the free surface of the disk. By the amplitude of each change (u’P,x - uP,x, x = 

even numbers on Figure 2-34 right), it was possible to determine uP,y (uP,y = ½ (u’P,x- uP,x), y 

= even numbers on Figure 2-34 right). Applying the IMT with the Cu Hugoniot, it was 

possible to determine a polynomial equation representative of the detonation products.CJ 

point was found by intercepting such polynomial equation with the Rayleigh line of the 

explosive (Figure 2-34 left). 
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Figure 2-34: PDV spectrogram with the x-t diagram of the reverberation process (left); and determination 
of the CJ pressure with the Cu Hugoniot and isentropic curves passing by the obtained uP(i) points. Images 
from (Chaos, et al., 2018). 

Another study (Pachman, et al., 2018) analyzed eight experiments performed 

always with the same set-up by plotting all the acquired points, and it was possible to 

visualize a graph that can be divided into two different areas (Figure 2-35). In the first area 

of points, they can be adjusted by a linear function with a high negative slope, while in the 

second area the adjustment made to the points will be characterized by a linear function with 

a lower negative slope. The first area is considered to be the representation of the shock front 

and the reaction zone that starts at the von Neumann spike and finishes at the CJ state, while 

the second area is considered to be the representation of the Taylor wave, that initiates at the 

CJ state. The interception between these two lines is considered to be the CJ state of the 

explosive transferred to the PMMA window. In this case, the authors considered the PMMA 

particle velocity at the CJ point as being the closest data point above this intersection. 

 

Figure 2-35: Particle velocity profiles at the explosive/PMMA interface from 8 identical tests and the 
respective linear regression lines. Image from (Pachman, et al., 2018) 

Fabry -Perot interferometer 

The Fabry-Perot interferometer (FPI), as the PDV, works based on the Doppler 

effect by measuring the wavelength of the returned light, but the apparatus needed is more 
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complex. In the FPI, a beam of light that enters it suffers multiple reflections in the two 

mirrors, and all the emitted rays are parallel to the incident one. Using lens and their focal 

points, all these beams are directed to the same point and interfere with each other, forming 

a ring (McMillan, et al., 1988). The rings are formed because the FPI just allows passing 

light through specific angles that are determined by the space between the Fabry-Perot 

mirrors and the light wavelength (Urtiew, et al., 1986). When the incident radiation changes, 

the angles at which the constructive interferences occur also change, resulting in rings with 

bigger or smaller diameters (McMillan, et al., 1988). 

A simple scheme of this system is shown on Figure 2-36 at it is composed by 

(McMillan, et al., 1988): a laser that illuminates the target with a stable and monochromatic 

light; the shutter and the Pockels that control de beam pulse; the field lens to guide the beam 

to the target and collect the return light; the beam can be transported by air or by optical 

fibers; before the reflected radiation reached the FPI, it has to pass through the cylindrical 

lens, that give angular divergence in a single plane and its focal length will determine the 

number of rings that will appear in the record; the optical filter excludes useless radiation 

from the experiment; the spherical lens between the FPI and the streak camera define the 

size of the rings on the camera’s slit and, consequently, the number of rings that will be 

recorded for a determined slit length; the mirrors conduct the path of the beam and they are 

very important, because the space between them defines the focal length of the lens to 

produce the desired number of fringes on the record (normally 3 or 4) and it determines the 

sensitivity of the FPI, and their reflectivity affects the finesse and the width of the rings; to 

record the movement of the rings generated by the FPI, a high-speed streak camera is needed 

(McMillan, et al., 1988). An extensive description of this system, its principles, and 

mathematical analysis is done at (McMillan, et al., 1988). 

Doppler-shifted light reflected from a target moving at constant velocity gives a 

static dot pattern. When the target is accelerated, the reflected beam will be Doppler shifted 

to higher frequencies, resulting in an expanding pattern, like the one seen in Figure 2-36. 

The pattern’s change is related to the change of the velocity in the target through equation 

(2.15): 

𝑢(𝑡) =  
𝜆𝑐

4𝐿
(

𝐷1
2(𝑡) −  𝐷10

2

𝐷20
2 − 𝐷10

2 + 𝑚) (2.15) 
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where λ is the initial beam wavelength, c is the velocity of light, L is the 

separation between mirrors, D10 and D20 are the diameters of the adjacent pairs of dots in the 

static patter, and D1(t) is the diameter of the expanded dot patter (Urtiew, et al., 1986). 

Examples of some studies about the direct measurement of the particle velocity 

profile in the different interface explosive/inert material are (Urtiew, et al., 1986) (Kury, et 

al., 1999), (Tarver, et al., 1997); (Fedorov, et al., 2011). Some of these studies include also 

the measurement of the free-surface velocity of an explosively driven target. 

 

Figure 2-36: Scheme of the set-up used in the Fabry-Perot interferometry (left) adapted from (Suceska, 
1995) and (McMillan, et al., 1988). Spectrograms and uP(t) from a flat plate accelerated into water (middle) 
and vacuum (right), images from (Urtiew, et al., 1986). 

The following characteristics are recognized as being advantages of the FPI 

technique: nanosecond time resolution (McMillan, et al., 1988) (Kury, et al., 1999); reliable 

and easy to analyze with confidence (McMillan, et al., 1988); the inert material helps to 

protect the thin reflective surface to break up (Urtiew, et al., 1986); besides CJ pressure, it 

also allows the study of the von Neumann spike state, reactions rates, and the reaction 

products EoS in the ignition and growth detonation reactive flow model (Tarver, et al., 

1997); it is vulnerable to abrupt changes in velocity; it can measure multiple discrete 

velocities simultaneously and also the velocity dispersion over a limited range (Strand, et 

al., 2006).  

Disadvantages: the quality of the lens affects the shape of the fringes; the focal 

axis of the lens has to be parallel to the slit, in order that the focal plane lies on the slit, and 

perpendicular between them; the quality of the record is affected by the mirror reflectivity 

and by the resolution of the streak camera; not so efficient in the use of the laser light 

(McMillan, et al., 1988); the acquisition time of the FPI can be limited by the premature 

destruction of the reflective surface by the DW; LiF records are not so reproducible as the 

free-surface ones in the initial times of the record (Kury, et al., 1999); it is hard to find inert 



 

 

Optical Fiber Metrology for Detonation Characterization of Energetic Materials  

 

 

86  2021 

 

materials with the same impedance as the explosive, so IMT is always required; it is reported 

that the exact CJ particle velocity and pressure cannot be directly determined, because the 

CJ state does not appear as a sharp break in the PVD spectrograms by using various lengths 

of explosive and/or different inert materials (Tarver, et al., 1997); expensive, generally 

custom build; the streak cameras can limit the length of the records; not so sensitive to the 

light changes common on shocked surfaces (Strand, et al., 2006); it requires big amounts of 

explosive, since more than one test is usually needed, and it seems very hard to assemble, 

due to its complex apparatus. 

VISAR 

Another interferometric technique that is still nowadays very used to measure 

DW parameters is the velocity interferometer system for any reflector, known usually as 

VISAR. Like PDV and FPI, its measurements are also based on the acquisition of Doppler-

shifted radiation by a moving target, but its assembly is even more complex than the previous 

ones. A scheme of it is shown in Figure 2-37 (left), and it is made for laser radiation 

(represented by the left down vertical arrow) emitted by a diffusely reflecting specimen 

surface (RSS) (Barker & Hollenbach, 1972). 

According to (Barker & Hollenbach, 1972) and following the laser beam path, it 

passes through the small hole localized at mirror M3 and then through the focusing lens L, 

which is directed to the diffusely RSS using the mirror M4 localized at the focal point of the 

lens L. The RSS can be diffusely or spectral. In the first case, the Doppler-shifted radiation 

will be diffusely reflected light that will be directed to the lens L through M4. In the second 

case, the Doppler-shifted radiation is a spectral reflected light beam that will be directed to 

an off-center position on lens L, also by M4. After being recollimated, M3 is responsible for 

separating the laser radiation from the reflected one and directing the reflected radiation to 

the telescope. If the reflected radiation is diffuse, the telescope condenses the reflected light 

into a beam of convenient diameter to be used by the interferometer; if the radiation is 

spectral, the telescope directs the beam into the desired diameter for transmission into the 

rest of the optical path. Here, the Doppler-shifted beam is polarized at 45o from the horizontal 

to ensure that the intensities of the beams S e P are equal, as required by the interferometer. 

The polarized reflected light is then divided by a beam splitter, where about 1/3 of it is 

directed to the beam intensity monitor photomultiplier tube, which propose is to detect any 

change of the light intensity reflected from the RSS, that can be caused by shock-induced 
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alterations on the RSS. The beam intensity vs time data generated by the beam intensity 

monitor allows to correct the interferometer data for any beam intensity changes. 

The 2/3 of the Doppler-shifted light enters into the VISAR interferometer and is 

directed to a part of the large beam splitter, with some degrees from the normal direction. 

Here, the reflected part of the Doppler-shifted light returns to M1, which will direct it back 

to a different location on the large beam splitter, where it is recombined with the transmitted 

Doppler-shifted light that had passed through the large beam splitter. In the while, the 

transmitted Doppler-shifted radiation was delayed, concerning the reflected part of the 

Doppler-shifted light, by one or more etalons. The delay (τ) is given by each etalon (where 

the large beam splitter should be included) is related to its effective length (h), its refraction 

index (n), and the velocity of light (c) through equation (2.16), and by the half of the 

thickness of the ¼ wave plane (the beam just passes there once). 

𝜏 =  (
2ℎ

𝑐
) (

𝑛 − 1

𝑛
) (2.16) 

The angle and the position of M2 are adjustable according to the interferometer 

alignment and to accommodate the needed etalons, respectively. The distance of M2 from 

the beam splitter has to be the same as the distance of the beam splitter to M1, plus the sum 

of x’s given by equation (2.17). 

𝑥 = ℎ (1 −
1

𝑛
) (2.17) 

The mirror M1 is mounted on a translator to vary the length of the left side leg 

of the VISAR, by few wavelengths of light, according to the translator’s voltage. 

After the recombination of reflected and the transmitted Doppler-shifted light at 

the large beam splitter, the resultant light is polarized at 45o to the vertical and divided into 

one half-S and one half-P polarized light. The ¼ wave plane is used to retard the P 

component of the light by 90o concerning the component S. So when the recombination 

occurs, the S and the P components form two 90o-out-of-phase fringe patterns. The two 

patterns are separated by the polarizing beam splitter and sent to their individual 

photodetectors.  



 

 

Optical Fiber Metrology for Detonation Characterization of Energetic Materials  

 

 

88  2021 

 

 

Figure 2-37: Scheme of the VISAR instrumentation system. Adapted from (Barker & Hollenbach, 1972) 

An example of an oscilloscope record from the VISAR here described is shown 

in Figure 2-37 (right), but improved models were produced in the last 40 years. The first and 

top line is the timing trace, the second is the zero-line for both photomultipliers, the third is 

the signal from one of the photomultipliers, the fourth and bottom trace is the signal 

generated by the beam-intensify monitor (Barker & Hollenbach, 1972). With analysis 

software is then possible to transform the data into interface particle velocity versus time 

(Gustavsen, et al., 1998), where the velocity is approximately proportional to the fringe shift 

(Dolan & Specht, 2017), as shown in Figure 2-37 (right). At the right side of this figure is 

also presented a scheme of an experiment, (Bouyer, et al., 2009) where the beam towards 

the interferometer is the same as represented at the left side of Figure 2-37 as a vertical arrow. 

Different studies that used VISAR to characterize directly the profile of the 

particle velocity in the interface explosive/inert material were found, where different 

explosives were studied with different inert materials and different spectral RSSs (Bouyer, 

et al., 2009) (Gustavsen, et al., 1998); emulsion explosives of different densities with a 

PMMA window with aluminum foil as RSS (Yunosheva, et al., 2012), (Utkin, et al., 2012). 

But it is also possible to find the application of VISAR on the measurement of the free-

surface velocity of an explosively driven inert material (Barker & Hollenbach, 1972) (Duffy 

& Ahrens, 1994) (Bouyer, et al., 2010). 
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Figure 2-38: Scheme of an experiment using VISAR and the particle velocity profile at the interface 
NM/PMMA according to the time. Images from (Bouyer, et al., 2009). 

VISAR’s advantages: time resolution on the units of the nanosecond, faster than 

PDV or FPI (Bouyer, et al., 2009), the time resolution can be improved if the data is treated 

on the frequency domain (Dolan & Specht, 2017), allows to measure the width and the time 

of the reaction zone of low-energy detonation explosives (Yunosheva, et al., 2012), sensitive 

to the detonation structure, possible to resolve the VN spike, particle velocity and pressure 

at the CJ point with an error about 2% (Utkin, et al., 2012), more compact and less expensive 

than the FPI, commercially available, can register longer record lengths than the FPI for 

using oscilloscopes, vulnerable to abrupt changes of velocity, relies on absolute intensities 

to acquire velocity information, more sensitive than FPI (Strand, et al., 2006). 

VISAR disadvantages: initially limited by the recording system, recovering true 

velocity from the VISAR approximation involves very large and infinite (sometimes) 

corrections, it suffers from noise amplification (Dolan & Specht, 2017), needs a second 

etalon to resolve fringe jump ambiguities, sensitive to the intensity changes on the light 

reflected by a shocked surface that occur during such detonation experiments, the analysis 

of the VISAR data demands the adjustment of some parameters to obtain good records and 

cannot measure multiple discrete velocities simultaneously either over a limited range 

(Strand, et al., 2006). 

2.2.2.3. Measurement of the shock wave velocity in inert materials 

In this point it will be described some techniques that allow the measurement of 

the SW velocity (US), generated by an explosive, that is trespassing an inert material. US(i) 

can be extracted from an x(t) graph (or spectrogram), or from a US(x) plot, where x is the 

thickness of the studied inert material.  



 

 

Optical Fiber Metrology for Detonation Characterization of Energetic Materials  

 

 

90  2021 

 

The following points will show how to use such techniques on the measurements 

of SW velocity propagation on an inert material, the experimental configurations, examples 

of the results that can be acquired, and how to read them. 

Streak cameras 

The measurement of the free-surface velocity of an explosively driven inert 

material with streak cameras was presented on 2.2.2.1. In that point was described the 

aquarium test to measure the free-surface velocity of water that was driven by Composition 

B (Cook, et al., 1962), but the authors, in the same test, could also determine the velocity of 

the shock wave (US) that was propagating in water. The experimental set-up and the acquired 

results are shown in Figure 2-29, where it is possible to see the record of this propagation. 

Knowing the camera writing speed and the magnification factor, it is possible to determine 

the shock wave velocity in water by the slope of the acquired trace. This study also reported 

the determination of the CJ pressure of an explosive by the measurement of the shock wave 

velocity in PMMA. 

Similar experiments (with the charge totally or partially submersed), with water 

as the interface, were done using explosive formulations that contained Al (results shown on 

the top of Figure 2-6) (Brousseau, et al., 2002), and several pure and mixed explosives 

(Coleburn, 1964). 

Like the study above, other studies were found using PMMA to determine the 

CJ pressure of an explosive. One of them (Held, 1987) determines the US by embedding 

distance gauges (Cu grating) into liquid PMMA (which became a solid parallelepipedal 

block of 70x70x100 mm), where the shock is produced by a mixture of TNT/HMX. A record 

from this experiment is shown in Figure 2-39, the US and correspondent PCJ were calculated 

as said above. Besides water and PMMA, the air was also used as inert media to measure 

the shock wave generated by C-4 (McNesby, et al., 2013). 
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Figure 2-39: Shock wave propagation in PMMA where a fine Cu grid is inserted. Image from (Held, 1987) 

Just transparent media can be used if it is intended to use the streak cameras to 

record the propagation of an SW in an inert material. However, with the use of optical fibers 

as light transmission media, photoelectric converters, and digitizers, opaque materials can 

also be evaluated. This will be described in the following topic. 

Optical fiber methods 

The optical fiber (OF) methods were already presented at 2.1.4. There, the 

methods were divided into discrete and continuous, where the detonation wave was tracked 

point-to-point or continuously; and into passive and active, which are related to the light 

source used to make the measurement, where the detonation light, or light originated by the 

compression of the SW on the inert material, is captured or where an external source of light 

is extinguished due to the detonation phenomena, respectively. 

The OFs are used on continuous passive measurements of an SW propagating 

into an inert material when associated with streak cameras. The OFs can be used in stripes 

that contain some dozens of them (Mendes, 2000) (Plaksin, et al., 2001) (Plaksin, et al., 

2002), or in a single configuration (Khurana, et al., 2011), where just one single OF is used 

on the measurement. The works found that used a strip of OFs connected to a fast streak 

camera, it was always used a strip composed of 64 PMMA OFs, with 0.25 mm diameter. 

Normally, the strips were divided into two minor strips, to place one of them into the 

explosive sample for D measurements, while the other was embedded into a PMMA block 

(Mendes, 2000) (Mendes, et al., 2006) (Mendes, et al., 2012), parallel to the detonation 

plane, or assembled in the surface of a Kapton stack (Mendes, 2000) (Plaksin, et al., 2001) 

(Plaksin, et al., 2002) perpendicular to the detonation’s plane. In the first case, the light that 

is acquired by the OFs is the detonation light that is trespassing the PMMA (see Figure 2-16), 
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while in the second case, the OFs capture the ionized light generated by the SW’s 

compression of micro gaps of air, or argon, that is between the Kapton sheets.  

The experimental set-up and the streak record of measurement using Kapton are 

shown in Figure 2-40 (top left), as well as the streak record and pressure and US profiles 

acquired from such experiment. The calculation of US is based on the quotient between the 

distance between the flashes of light (correspondent to the thickness of a Kapton sheet), and 

the time between such flashes. US(i) is then extracted from the point where the US(z) profile 

changes from very fast to almost constant (around z = 200 µm in the blue graph of Figure 

2-40). With a single fiber associated with the streak camera (Khurana, et al., 2011), it was 

made a cylinder of the inert material (nylon, PMMA, Teflon, and propylene) with a drilled 

hole in the center, 5 mm far away from the interface explosive/inert material. In this hole 

were inserted pallets of the same material (5-6 mm thickness) leaving an 0.25 mm gap of air. 

When the shock was transmitted between the pallets, a flash of ionized air was produced and 

recorded by the streak camera. US is then obtained in the same way as described for the 

Kapton stack. 

 

Figure 2-40: Experimental set-up used on the measurement of the SW velocity in a Kapton stack barrier 
(top left), the acquired streak record is shown in the bottom part of the it (left bottom), and the US (blue) 
and the pressure (red) profiles calculated from such record. Images from (Plaksin, et al., 2002). 

In the continuous active optical fiber methods for D measurements (2.1.4.2), it 

was described the chirped fiber Bragg grating (CFBG) sensor and respective 

instrumentation. As referred there, the same technique is also able to measure the US in inert 

materials. 
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One way (Rodriguez, et al., 2014) that used exactly the same instrumentation as 

described in 2.1.4.2 consists of gluing CFBG sensors on desired positions of the detonating 

experiment (charge and inert material), as is shown in Figure 2-41 (a). This can be achieved 

with 100 mm and 10 mm long sensors. The CFGB spectra and the respective (x,t) diagrams 

are also shown in Figure 2-41. As it is shown, the US in the PMMA is correspondent to the 

slope of the linear adjustment.  

With a more complex system on the output of port 3 (Figure 2-17) composed by 

an Erbium-doped fiber amplifier and spectrometer (or fiber filters), it is possible to determine 

the US in water induced by an explosively driven Cu plate (Sandberg., et al., 2014), in 

Phenolic plastic induced by a low fidelity detonator and an aluminum cylinder wall with 

PBX 9501 as shock generator (Rodriguez & Gilbertson, 2017). In this new configuration, 

since the CFBG sensors have predictable mechanical response properties, it is possible to 

determine pressures according to the wavelength shift given by the CFBG sensor. During 

the SW propagation in the inert material, the CFBG fiber is compressed, which makes the 

grating elements compress also, and the reflectance band shifts to shorter wavelengths 

(Sandberg., et al., 2014). By selecting these wavelengths using a spectrometer (or fiber 

filters) and knowing the calibration of pressurized CFBG, it is possible to determine the 

pressure according to the wavelength shift (Sandberg., et al., 2014) (Rodriguez & Gilbertson, 

2017) or to make a P(t) profile (Rodriguez, et al., 2015). Actually, this technique allows the 

measurement of parameters like: shock to detonation transition, the detonation curvature 

profile (Barbarin, et al., 2020), and the direct measurement of the P(t) profile of the explosive 

sample (Hof, et al., 2007). 
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Figure 2-41: (a) experimental set-up used to measure the SW velocity generated by PBX 9502 in PMMA 
using 100 mm and 10 mm CFBG sensors; CFBG spectra for the 100 mm long (b) and 10 mm long (c) sensors 
and the respective (x,t) plots ((d) and (e)). Images from (Rodriguez, et al., 2014) 

From the discrete passive optical fiber methods described in 2.1.4.2., just the 

technique used with the OPTIMEX system seems to be able to measure US in inert materials 

that were generated by explosive samples. The OPTIMEX system was already described in 

2.1.4.2. and it has special relevance since it is the most similar method to the one developed 

along this thesis to perform measurements of the CJ pressure. 

The application of the OPTIMEX system and optical fibers on the measurement 

of the US is detailed described at (Künzel, et al., 2017) by using A-IX-1 (RDX based 

explosive) as shock generator and PMMA, polyamide-6 (PA6), polytetrafluoroethylene 

(PTFE), and aluminum alloy AW-6061 (Al) as inert materials. In this work (Künzel, et al., 

2017), it was used eight multimode glass optical fibers with 1 mm diameter (62.5 µm active 

core diameter) that were inserted into holes drilled (one central and seven 5 mm 

concentrically from the axis) in the inert material disks, like shown on Figure 2-42. These 

holes had different depths and the OFs were inserted in a way that space of air existed 

between the end of the hole and the beginning of the OF. When the shock wave reached 

these holes, by compression, the air was ionized and strong peaks of light were observed 

(Figure 2-42, top left). In transparent (PMMA) and translucid (PA6, PTFE) materials it was 



 

 

  Detonation Metrologies 

 

 

Joana Quaresma  95 

 

also possible to see the peak generated by the interaction between the explosive and the inert 

materials. By taking the times where peaks appeared and plotting the thickness of the inert 

material according to the respective time, a plot like the one shown in Figure 2-42 (bottom 

right) was obtained. A quadratic fitting was done to the points and an x(t) equation was 

obtained (represented in the graph as y(x)). From the derivative of this equation and 

considering that the SW is transmitted to the inert material at t = 0 s, the US at the interface 

was determined. This interface point is then considered as the US(i) and the CJ point can be 

calculated as described at the beginning of this part.  

 

Figure 2-42: Scheme of the experimental set-up (left), example of acquired results for one OF inserted in 
each of the inert materials (top right), the x(t) plot acquired from two PMMA measurements (bottom right). 
Images from (Künzel, et al., 2017) 

According to the authors (Künzel, et al., 2017), this technique is advantageous 

because it can be used with opaque inert materials, the record evaluation is simple, easy to 

assemble, enables a reasonable CJ pressure determination. As for disadvantages, they 

reported that it is still undesired (but predictable) light after the peak of the ionized air; 

porous materials (PTFE) can emit undesired light during longer distances, due to the shock 

interaction with the porous, which can give more intense signals than the shock ionized air; 

in transparent materials, there is always unnecessary radiation captured from the interaction 

at the interface; the intensity of the light is dependent on the shock pressure able to ionize 

the air, which decreases throughout the inert material, giving less intense signals; the light 

emission is also dependent of the impedance of the material, higher the impedance and 

shorter the distance traveled by the SW throughout the inert material, higher was the overall 
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light output; the t = 0 s point didn’t match with the thickness x=0 because the first OF signal 

presented a different light trace than the other probes, which made less precise time 

determinations. 

In the discrete-continuous active optical fiber methods, as said in 2.1.4.2., just 

the OAM developed along this work was found. Further details about this technique, how to 

use it to measure US(i), the respective data treatment, and the advantages and disadvantages 

of it will be described throughout the next chapters. 

Shock-induced polarization 

The shock-induced polarization (SIP) is used to determine the induced pressure 

on an inert material originated by the detonation products of an explosive. For this, it is 

needed to use a dielectric material with a known Hugoniot curve (Gois, 1995) (Mendes, 

1994). The SIP principle is based on the formation of electric dipoles when an SW trespasses 

a dielectric material. If the dielectric material has the shape of a plate and a conductive 

surface is assembled on the long faces of that plate, a plane capacitor is formed between the 

two electrodes. When the SW passes through the plate, it generates an electric displacement 

that can be expressed as electric potential, or voltage, between the electrodes of the capacitor. 

By connecting these electrodes to an oscilloscope, the voltage variations can be recorded. 

Considering the time where the voltage did not change its increasing behavior and knowing 

the thickness of the dielectric material, it is possible to calculate US. So that this measurement 

is valid, the dielectric material has to be isotropic and its thickness has to be small enough 

to not attenuate the SW (Gois, 1995) (Mendes, 1994). In this way, the measured US is 

considered to be the US(i) used to extrapolate uP(i) that will be applied to the IMT. 

In the works found (Gois, 1995) (Mendes, et al., 1993) (Mendes, 1994) that used 

this technique, this US gauge was composed of a PMMA plate with 1 mm thickness as a 

dielectric material and Al foil with some units of micrometers as conductive surface. On the 

face that is opposite to the explosive sample, a circumference with 5 mm diameter is cut out 

of the Al foil, and two metallic pins are inserted, one inside the circumference, the other 

outside. These two pins are connected between them by a 50 Ω resistor and connected to the 

oscilloscope using a coaxial cable. In two works (Gois, 1995) (Mendes, 1994), the US gauge 

was inserted at the end of the explosive charge, while in the other work (Mendes, et al., 

1993) it was inserted at the end of a PMMA gap. In one of the works (Mendes, 1994), it was 

also varied the thickness of the PMMA in the US gauge. 
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2.2.2.4. Determination of the P(t) history by a gauge embedded in an inert 
material 

At this point, it will be presented two techniques that allow the determination of 

the P(t) history by a gauge embedded in inert materials. It is considered that the following 

gauges cannot measure directly the P(t) profile of an explosive sample, because these gauges 

always need a protective and/or isolator layer between them and the explosive sample, which 

is called to be embedded in an inert material.  

The following gauges use the piezoresistive (change of electrical resistance 

when mechanical strain is applied) and piezoelectric (change of electrical charge according 

to the applied mechanical strain) characteristics of alloys and polymers, respectively, as 

sensing elements to determine directly the pressure histories of the interaction between the 

explosive and the inert materials of the gauge. The manifestation of the CJ pressure of the 

explosive is extrapolated by its manifestation on the gauge and the IMT should be used to 

have accurate CJ pressure values. However, when the density of the explosive is close to the 

density of the gauge, some authors also consider that the gauge is measuring directly the 

pressure profile of the explosive sample. 

Piezoresistive technique - Manganin gauges 

The manganin gauges are formed by a manganin alloy that is normally composed 

of cooper (≈ 84%), manganese (≈ 12%), and nickel (≈ 4%). This alloy is suitable for 

determining the pressure profile of an energetic material because of its large positive 

piezoresistive coefficient and low-temperature resistivity coefficient (Urtiew, et al., 1986) 

(Yiannakopoulos, 1990). To have a large piezoresistive coefficient and a low-temperature 

resistive one means that, when the manganin alloy is dynamically compressed, the induced 

stress will generate a bigger change in its resistivity than in its temperature (Vantine, et al., 

1980) (Yiannakopoulos, 1990). The manganin high piezoresistivity makes that just a small 

piece of it is enough to measure a resistance change, which is advantageous for detonation 

measurements because it can be so thin that it can be considered that it does not disturb the 

propagation of the SW and material flow (Yiannakopoulos, 1990). 

When the stress applied to the manganin alloy is uniaxial and very high (GPa 

order), as a DW and SW can be, the dimension changes on it are so small that can be 

considered that the manganin’s resistance change is just due to the variation in resistivity 

(Yiannakopoulos, 1990). In this work, it is considered that the manganin gauge is not able 
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to determine directly the P(t) profile of an explosive sample, because these gauges always 

need an insulator material, which makes that there is always an inert interface between the 

explosive and the sensing element. 

The manganin gauge is constituted basically by four components: the sensing 

element that is the manganin alloy, which can be a foil (Vantine, et al., 1980) (Anderson, et 

al., 1981) (Urtiew, et al., 1986) (Song & Lee, 1989) (Mendes, et al., 2014), a wire, a strip or 

a thin film (Zhang, et al., 2018), with resistances that can vary from dozens of milliohms 

(low resistance gauges (Vantine, et al., 1980) (Anderson, et al., 1981) (Urtiew, et al., 1986) 

(Zhang, et al., 2018)with less than 0.1 ohm) to some hundreds of ohms (high-resistance 

gauges (Song & Lee, 1989) (Mendes, et al., 2014)) (Yiannakopoulos, 1990); the bounding 

agent that is used to glue the different layers of the manganin gauge and also acts as electrical 

insulator, normally it is used an epoxy system with a known Hugoniot curve (Vantine, et al., 

1980) (Yiannakopoulos, 1990); the insulation, which is an non-conducting electrical 

material with a known Hugoniot curve that protects the gauge from the conducting 

environment, different kinds of polymers can be used, they can be applied to one or both 

sides of the gauge and they cannot become conductive under very high pressures 

(Yiannakopoulos, 1990); and the two (single ended) or four (double ended) terminal leads 

(Yiannakopoulos, 1990) (Urtiew, et al., 1986), normally made out of Cu, where the 4 lead 

configuration has two output and two input leads, that can be place all parallel or in “H” 

shape, it is mostly used in the low impedance gauges and reduces changes in the resistance 

of the lead provoked by stretching (Yiannakopoulos, 1990). The manganin gauge is 

connected to a bridge circuit, where a high current is used to generate a high output signal. 

To not change the initial resistance of the gauge, a pulsed power (constant current or constant 

voltage) supply is used. The signals can be then acquired by oscilloscopes, where is visible 

a voltage change due to the SW compression that made an increase in the gauge’s resistance 

(Urtiew, et al., 1986) (Vantine, et al., 1980) (Yiannakopoulos, 1990) (Song & Lee, 1989). 

The voltage change is related by the resistance change (∆𝑅(𝑡)) in the gauge by equation 

(2.18) (Song & Lee, 1989) 

∆𝑅(𝑡)

𝑅
=

−𝐴1𝑉(𝑡)

𝐸0 +  𝐴2𝑉(𝑡)
 (2.18) 

where R is the resistance of the manganin sensing element, 𝑉(𝑡) is the voltage 

output of the bridge circuit, 𝐸0 is the constant voltage applied to the bridge circuit, A1 and 
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A2 are expressed in terms of the resistances of the bridge circuit. The resistance change is 

then defined by the relation between the pressure (𝑃(𝑡)) and the piezoresistive coefficient 

(𝑅), which can be considered constant for a wide range of pressures through the empiric 

equation (2.19) (Song & Lee, 1989) (Zhang, et al., 2018): 

∆𝑅(𝑡)

𝑅
= 𝐾 𝑃(𝑡) (2.19) 

An example of a record with the thin film manganin gauge on the measurement 

of the detonation pressure of a microdetonator is shown on the top of Figure 2-43, where the 

first horizontal line is the signal of the gauge without power supply, the second one is the 

state of the gauge when a constant current is provided to the system, and the following 

voltage decay is considered to be the correspondent to the change in the resistance of the 

manganin sensing element. The phenomena that originate the other voltage states are not 

well determined (Zhang, et al., 2018). An example of a current trace for a low-impedance 

manganin foil gauge inserted on RX03-BB explosive and the respective digitized pressure 

record are shown on the bottom of Figure 2-43. 

 

Figure 2-43: Voltage signal collected by an oscilloscope from thin-film manganin foil, where the area to 
analyze is surrounded by a red line (image from (Zhang, et al., 2018)), at the top. At the bottom is a current 
trace (left) and the correspondent digitized pressure record (right). Bottom images from (Vantine, et al., 
1980).  

In stress measurements, such as detonation experiments, the manganin gauges 

can be inserted directly into the material, or explosive (Vantine, et al., 1980) (Anderson, et 

al., 1981), that has to be evaluated, or they can be applied between the (energetic) material 



 

 

Optical Fiber Metrology for Detonation Characterization of Energetic Materials  

 

 

100  2021 

 

to be studied and a known inert material (Urtiew, et al., 1986) (Song & Lee, 1989) (Petel, et 

al., 2004) (Mendes, et al., 2014) (Zhang, et al., 2018). The time resolution of the manganin 

gauges depends on several factors, like gauge’s location, shock impedance of the 

manganin/bounding agent/insulator, and the response time of the used recording system 

(Yiannakopoulos, 1990). Different kinds of explosives were studied with manganine gauges 

(Vantine, et al., 1980) (Anderson, et al., 1981) (Urtiew, et al., 1986) (Song & Lee, 1989) 

(Petel, et al., 2004) (Mendes, et al., 2014) (Zhang, et al., 2018). 

The reported advantages of the manganin gauges as high pressure sensors are: 

the strip sensing element allow the measurement of longer pressure profiles; if the gauge 

exists in the literature the calibration doesn’t need to be done; the wheatstone bridge has 

greater linear range when is supplied by a constant current supply; the resolution of this 

technique can be increased by reducing the thickness of the gauge and by matching the 

impedances of the manganin/bounding agent/insulator group; (Yiannakopoulos, 1990) 

nanosecond resolution can be achieved (Yiannakopoulos, 1990) (Zhang, et al., 2018); 

calibration is possible with an accuracy of 2%; low impedance gauges record faithfully the 

pressure, the records can last several microsenconds; the pressure can be accurately recorded 

in a full detonating explosive; it disturbs the initiation process in a minimal way; (Vantine, 

et al., 1980) single-ended gauges are easier to assemble in detonation experiments; they can 

be used single or in stations (more than 1 gauge assembled between the some layers of 

insulation); (Urtiew, et al., 1986) high sensitivity; good linearity; (Zhang, et al., 2018)high-

resistance gauges generate more accurate signals, they need less tests and smaller charges to 

obtain results and they can determine CJ pressures and reaction times of the explosives; 

(Song & Lee, 1989) and recently, microscale detonation pressure measurements can be done 

with thin film manganin gauges, which have shorter-responses than the foil ones, its thin 

sensitive element reduces the time response of the gauge and it is ideal for measurement of 

DWs, because its size is smaller than the radius of the detonation curvature and all waves 

can be considered plane, its accuracy is around 4% and the response time is 37 ns (Zhang, 

et al., 2018). 

By the other hand, the reported disadvantages are: difficult and complex 

calibrations that can require shock experiments (dynamic) or an hydrostatic press (quasi-

static), where both also have associated disadvantages; the gauge assemblage is complex and 

requires a lot of care; the gauge factor is not linear, which always require calibration; it 
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suffers from hysterises when unloaded; conductive environments can produce gauge errors; 

(Yiannakopoulos, 1990) expensive and complex calibration facilities are needed; the time 

response of the overall system is affected by the tilt of the shock front, so plane waves are 

desired (which are not so easy to achieve), and by the size of the sensing element (its 

reduction decreases this problem); (Vantine, et al., 1980) (Yiannakopoulos, 1990) electrical 

signal degradation can occur, so short electrical cables are advisable (which is inconvenient 

due to how close the experiment has to be from the recording system); the gauge response is 

what limits more the overall response time of this system; detonation experiments can be 

complicated to perform, because to have a gauge thick enough to last a long measurement, 

and that do not interfere with the SW it is hard to achieve; (Yiannakopoulos, 1990) the 

thinner gauges can have rapid failure; some gauges can measure the CJ pressure, but cannot 

give information about the reaction zone structure (Vantine, et al., 1980); low-resistance 

gauges generate a small voltage drop, which makes the results hard to evaluate; (Song & 

Lee, 1989) a large sensing element cannot accurately measure the pressure at the center of a 

tri or bi dimensional DW and a thick one extends the sensor’s time; static piezoresistance 

coefficient does not have the same value as the dynamic one, which make dynamic 

calibration preferred that can be very expensive (Zhang, et al., 2018); and short recording 

times (very few microseconds) (Murata & Kato, 2010). 

Piezoelectric techniques - Polyvinylidene fluoride gauges 

In the late 1960s, it was found out that submitting polyvinylidene fluoride 

(PVDF), a semi-crystalline polymer composed of carbon, hydrogen, and fluorine, to 

mechanical stretching, and then to a strong electrical field, it would become strongly 

piezoelectric (Urtiew, et al., 1986). Then, Bauer started developing gauges based on this 

material that could be used under dynamic pressures and SW action (Bauer, 1983), which 

have been later on standardized (Lee, et al., 1988), since the Bauer procedure is important to 

achieve the desired level of reproducibility in the gauge’s electrical properties (Bauer, 1999). 

Examples of PVDF gauges are given in Figure 2-44 (left), where the Bauer gauge is the top 

one, as well as the representation of the piezoelectric phenomenon that occurs on them, and 

an example of a circuit that can be used to perform pressure measurement with such gauges 

(right) (Murata & Kato, 2010). These gauges normally consist of a thin film of PVDF 

between two electrodes of copper (Murata & Kato, 2010), or sputtered gold (Urtiew, et al., 

1986) (Lee, et al., 1988) or Al (Lee, et al., 1988) over platinum, which are inserted into 
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PVDF of small thickness (Urtiew, et al., 1986) (Lee, et al., 1988) or polyimide film (Murata 

& Kato, 2010). In the Bauer gauge (top left of Figure 2-44), the sensing part is referred to as 

“active area” and it is located where the electrodes overlap (Lee, et al., 1988). As for other 

gauges, Teflon or Kel-F are needed to provide electrical insulation to the gauge (Lee, et al., 

1988) (Bauer, 1999)  (Hodges & McCoy, 1999) and they are considered to have similar 

acoustic impedances to the PVDF, so the reflections within the gauge package are negligible 

(Hodges & McCoy, 1999) (Hodges, et al., 2000). Duralumin is also reported as being used 

as an insulator (Hodges, et al., 2000). 

When the PVDF polymer is compressed, due to the detonation pressure, a 

polarization occurs and electric charge Q is generated (Murata & Kato, 2010) since it has its 

own stored energy (Urtiew, et al., 1986). Its piezoelectric characteristics make that the 

pressure applied on the PVDF material is directly proportional to the charge generated by it, 

as shown by the top equation in Figure 2-44 (right). Since charge cannot be directly measured 

by oscilloscopes, it has to be transformed in voltage employing a circuit like the one shown 

in Figure 2-45, where the relation V=Q/ΣC is applied, being ΣC the total capacitance of the 

measuring system composed by the PVDF sensing element, the connecting cable, and the 

charge amplifier. When ΣC is constant, then the voltage is directly proportional to the charge 

and, consequently, to the pressure applied on the gauge (Murata & Kato, 2010). Another 

possibility is to record the current generated in resistive circuits, where the electrical charge 

is determined by numerical integration of the current, or in resistive-capacitive circuits that 

perform the integration in the line and record directly the value of the charge (Urtiew, et al., 

1986) (Bauer, 1999). 

 

Figure 2-44: Scheme of two different PVDF gauges (top and side view for the bottom gauge), at the left. At 
the right is the representation of the piezoelectric phenomenon on the PVDF polymer and the equivalent 
circuit for pressure measurement. Images from (Lee, et al., 1988) (top left) and (Murata & Kato, 2010). 
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There is an interesting study (Hodges & McCoy, 1999) that correlates the 

pressure history acquired by a PVDF gauge and the shock phenomena that are occurring at 

the boundaries between the explosive, the flyer, and the gauge package used on it. Two 

different techniques were used to vary the gauge’s pressure history, one based on the increase 

of the thickness of the gauge’s backer (Kel-F) inserted into a dent block, and another varied 

the gap between the detonator and the gauge package. An example of a PVDF signal 

acquired from the first technique is given in Figure 2-45, where it is possible to see the 

recorded signal from a PDVF gauge with a backer of Kel-F with 2.3 mm thickness, and the 

respective pressure profile acquired by the integration of it. Computer simulations 

(WONDY) were also done to model the SW and its interactions through the target assembly. 

 

Figure 2-45: Signal acquired from a PVDF gauge with a 2.3 mm Kel-F backer, the correspondent pressure 
history, as well as the computer simulation for the same pressure profile. Image from (Hodges & McCoy, 
1999). 

Examples of studies that employed  PVDF gauges as tools to measure pressure 

profiles of different explosives are (Murata & Kato, 2010), (Bauer, 1999), (Hodges & 

McCoy, 1999) (Hodges, et al., 2000)  (Hodges, et al., 2000) and (Dolgoborodov, et al., 2005). 

The advantages found in the literature about PVDF gauges were: longer 

recording times than manganin gauges; useful to measure detonation pressure profile of non-

ideal explosives with long reaction zone; (Murata & Kato, 2010) they do not require an 

external energy source (Urtiew, et al., 1986); they can answer to shock loadings between 0.3 

and 46 GPa (Lee, et al., 1988); the Bauer process for poling is important to produce high-

quality gauges with high polarization; Bauer gauges are repeatable high fidelity, 

reproducible, time-resolved SW sensors, even the ones with smaller sensing areas; (Bauer, 

1999) (Lee, et al., 1988) the PVDF gauges can be used in extremely harsh electrical 
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environment due to its inherent flexibility and its large signal to noise ratio (Lee, et al., 1988); 

they produce accurate, dynamic data for 1 to 1.5 μs after the impact (Hodges & McCoy, 

1999); nanosecond time resolution; accuracy on the pressure calculation within 5%; 

(Hodges, et al., 2000) 

The same literature indicates as disadvantages of the PVDF gauges the following 

characteristics: not all the PVDF polymers are good to be used as a gauge, they should be 

treated with the Bauer method; it is hard to get, with the Bauer gauges, a sharp edge 

definition for the total electrode area, and the accuracy of the P(t) measurement is dependent 

on the accuracy of the measurement of the sensor’s area; masking techniques needed to 

produce a sharp edge definition; PDVF has the tendency to wrinkle during deposition; (Lee, 

et al., 1988) after 1.5 μs of record the PVDF gauges do not give reliable signals due to heat 

and structural damages, the measurement is affected by the increasing curvature and tilt of 

the flyer when using detonator flyers (Hodges & McCoy, 1999), by gauge flatness and 

bonding layer thickness (Hodges, et al., 2000). 
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3. PASSIVE AND ACTIVE OPTICAL METHODS 

In this chapter, it will be presented the materials and infrastructures used in this 

work, the evaluation of the optoelectric converter system, the development of the optical 

passive and active methods (OPM and OAM, respectively) applied to the detonation of 

Seismoplast (PETN based explosive), as well as their capabilities and limitations. 

3.1. Materials and infrastructures 

This metrology was all developed on an industrial vertical detonation chamber 

KV2, like the one that is shown in Figure 3-1 (left). In the right part of this figure, it is shown 

how the fibers of the probes get out from the detonation chamber and the needed material to 

perform the optical active method (OAM), like the laser control boxes, the laser tower with 

the lasers on it, the filter cubes that are connected to the probes (black and red cables) and 

the optical fibers cables that are connected to the optoelectric converter system (orange 

cables). 

 

Figure 3-1: Detonation chamber KV2 (image from (OZM Research s.r.o, 2016)) at the left, and at the right 
is shown the experimental set-up to connect the optical probes, inside the charge, to the lasers, filters, and 
optoelectric converter system. 
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3.1.1. Energetic Materials 

Besides the matter of availability in the Institute, Seismoplast was the chosen 

explosive to develop this work because it is a plastic bonded explosive (PBX) based on 

pentaerythritol tetranitrate (PETN). The PBXs are challenging explosives to study because 

their characteristics can have wide ranges due to their heterogeneities and hard assemblies 

in the charges. Seismoplast is barely present in the literature, but its PETN-based 

composition makes it easier to compare with other PETN-based explosives present in the 

bibliography, as it was done in Chapter 4. So, if the OAM could be proven to determine 

precisely and accurately Seismoplast’s detonation characteristics, as D and PCJ, it is also 

trustable to be applied on other explosives.] 

Another two explosives were tested: HWC and TKX-50, whose compositions 

were not disclosed. HWC is an explosive based on RDX, wax, and carbon, while TKX-50 

is dihydroxylammonium 5,5′-bistetrazole-1,1′-diolate, an energetic ionic salt.  

Three types of explosive charges, the rectangular cross-section explosive charge 

(REC), circular cross-section explosive charge (CEC), and the pellets explosive charge 

(PEC) configurations, were used in this work. The first had a length of 150 mm and a 

rectangular cross-section of 8 x 8 mm, while the CECs had 150 mm length, and a circular 

cross-section of 15.8 mm inner diameter, and 2.5 mm wall thickness, and they are well 

described in Chapter 4, as well as Seismoplast, while the third configuration will be 

presented on point 4.3 and it was used with HWC and TKX-50. These three kinds of charges 

and the explosives used throughout this work are shown in Figure 3-2. 

To assemble the Seismoplast in the charges, which was always done manually, 

specific tools were created. Such tools and images from the assembling process are shown 

in Figure 3-2.  
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Figure 3-2: Sample container, “U” plate, detonation port, and probes transport bucket ready to take to the 
detonation chamber (top left). Tools specially designed for the insertion of Seismoplast into the RECs and 
half REC assembled (top middle). Insertion of Seismoplast in the “U” plate (top right). Insertion of 
Seismoplast in a CEC with a tool specially designed for it and its scheme with the lateral and bottom view 
(bottom left). Assembled CEC charge for D and US measurements with OAM (bottom middle). A PEC 
assembled with HWC (dark gray) and TKX-50 (light gray) for measurement of the D of TKX-50 and US (middle 
right) and a package of Seismoplast (bottom right). 

3.1.2. Optical fibers 

The PMMA optical fibers with 250 µm diameter, (Raytela, PGR-FB250) were 

the most used during this work as probes. These PMMA optical fibers have the 

characteristics presented in Table 3-1, an image from the spool and their attenuation profile 

are shown in Figure 3-3. In the optical passive method (OPM), they always had 1.5 m length 

and one SMA connector in the end, while in the optical active method (OAM) they had 3 m 

length and SMA connectors in both ends. The connectors were assembled manually, with 

the help of a hot air blow machine and a razor blade to terminate them. When these probes 

were protected, it was mainly used stainless steel tubes with 0.51 mm external diameter and 

0.26 mm internal diameter. 

The silica (SiO2) fibers used in this work were always used as interface fibers 

between the filters or the probes and the optoelectric converter system. These SiO2 fibers 

were step-index multimode fiber optic patch cables, with SMA connectors, purchased from 

THOR Labs, with a core diameter of 200 µm and length of 25 m. An image from them and 
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their attenuation profile is shown in Figure 3-4. Some tests were performed with these fibers 

as probes, but they did not present any advantage in relation to the PMMA ones. 

Table 3-1: Characteristics of the PMMA optical fibers used in this work according to the producer (Toray 
Industries, Inc., 2006) (Laser Components, 2016). 

Parameter Performance 

Core 
Material Polymethyl Methacrylate (PMMA) 

Refractive Index 1.49 

Cladding  
Material Fluorinate polymer 

Refractive Index  

Fiber type Step index 

Numerical aperture (N.A.) 0.5 

Acceptance angle degree 60° 

Temperature range for permanent 

use 
-55 ~ 70 °C 

Attenuation at 650 nm (dB/m) ~ 0.35 

Main Usages 
Data transmission; light guide; optical sensor; 

displays 

Allowable bending radius (mm) 9 

 

 

Figure 3-3: A spool of PMMA optical fiber and its spectral attenuation. Graph from (Laser Components, 
2016) 

 
Figure 3-4: 25 m step-index multimode fiber optic patch cables and their spectral attenuation (in blue). 
Graph from (THORLABS, 2019) 
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3.2. Evaluation of the optoelectric converter system 

The optoelectric converter system (OECS) shown in Figure 3-5 used in this work 

was developed at Laboratório de Enérgetica e Detónica (LEDAP).  

 

Figure 3-5: Optoelectric converter systems used in this work. 

The system is equipped with HFBR-2406Z optical to electrical analog receivers, 

with a frequency response of 125 MHz, from Avago Technologies. These receivers were 

conceived to pair up with transmitters HFBR-1404Z, to provide an optimized solution for 

Fast Ethernet Standard (100 Mbps) at 850 nm on multimode optical fibers (Avago 

Technologies, 2014). The dynamic characteristics and the spectral answer of such sensors 

can be observed in Figure 3-6. 

 

Figure 3-6: Dynamic characteristics, normalized at 820 nm, of the HFBR-2406Z receiver. Images from (Avago 
Technologies, 2014). 

The OECS was used, during this work, in two ways: 1) converting the light 

coming from the detonation process into an electric positive signal (passive method); 2) 

interrupting a constant received laser light by the detonation or shock process, which results 

on a negative peak (active method). The signals were visualized using a transient recorder 

TransCom-CompactX-XL from MF instruments, with 12 acquisition channels, bandwidth 

240 MHz, different sample rates (240 MS/s maximum). 
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The HFBR optoelectric converters were mounted in the OECS with slight 

changes concerning the circuit recommended by the producer, as shown in Figure 3-7. To 

work with an analog output signal, the digital output block (grey box) was not assembled. 

The sensor’s output signal passed through an RC circuit, and at the RLOADS resistance (510Ω) 

was recorded the analog output signal. The analogic output of the sensor was tested with a 

capacitor C with a capacity of 0.971 nF. The characteristic time of charge and discharge of 

this RC circuit is 495 ns, which corresponds to a cut-off frequency of 321 kHz.  

 

Figure 3-7: Scheme of the circuit recommended by the sensor’s producer and the changes performed by 
the OECS producer. 

This differentiating RC circuit at the sensor’s output 2 is working as a highpass 

filter, where the output signal is correspondent to the input one, for frequencies higher than 

the cut-off frequency. The sensors in this work are not intended to reproduce the light 

phenomena associated with the detonation, neither their intensity, but to identify the 

transitions related to the spatial positions of the DW, or SW, inside the materials. 

3.2.1. The answer of the sensors to the paired transmitter 

The sensors installed in OECS were tested with the paired electro-optic 

transmitter HFBR-1404Z. This transmitter emits light with a center wavelength of 650 nm 

and a working frequency of 3.9 MHz.  

All the 8 used channels of OECS were tested with this transmitting system 

according to the scheme shown in Figure 3-8. The transmission media was a 25 m SiO2 step-

index multimode fiber optic patch cable. 
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Figure 3-8: Scheme of the experimental set-up to evaluate the answer of each sensor to its correspondent 
transmitter. 

Figure 3-9 shows the acquired results when the 8 used channels are receiving 

light from the transmitting system. This figure shows that the sensors’ responses are 

proportional to the emitted light since it seems that the sensors are reproducing the pulsed 

light of the transmitting system. Channel 5 presents approximately half of the amplitude of 

the other channels. However, this is not important because the sensors will not be used to 

measure the radiation intensity. Whereas the rise time and fall time are very similar for all 

the channels, which indicates that all the channels respond with the same delay to the same 

stimulus.  

 

Figure 3-9: Acquired signals from all the channels when they are receiving light from the transmitting 
system through a SiO2 patch cable. 

The measurements of the rise times (RTs) and the fall times (FTs) in three 

periods of the signals are shown in Figure 3-10. These measurements were performed with 

the data acquisition application software, TranAX 3.4.1, of the transient recorder. 
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Considering three periods of oscillations, the mean rise time between the 8 channels changed 

from 4 to 8 ns, and the mean fall time varied from 4 to 8 ns. 

 

Figure 3-10: Examples of RTs and FTs measurements to the signal generated by channel 1 of Figure 3-9. 

Changing the transmission media between the transmitter system from a 25 m 

step-index SiO2 multimode fiber optic to a 3 m PMMA optic fiber is observed attenuation 

of half amplitude in all channels (Figure 3-11). This strong attenuation is justifiable due to 

the lack of coating on the PMMA optical fiber, which induces losses on the transmitted 

radiation. Besides that, the fall and rise times of all the channels are coincident, the same as 

before, proving that the transmission media does not affect the RT and FT parameters. 

 

Figure 3-11: Acquired signals from all the channels when they are receiving light from the transmitting 
system through a 3 m PMMA optical fiber. 

3.2.2. The answer of the sensors to modulated lasers 

The sensors installed in the OECS were also tested with modulated laser 

radiation. Eight Flexpoint FP-SMA-650-30MD-1MHz laser diode module, with a 

wavelength of 650 nm, 30 mW, produced by Blau optoelektronik were used. The eight 
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channels laser control system (LCS) comprises a laser intensity regulator for the power 

source, which is controlled in frequency by a signal generator. 

The answer of the sensors to pulsed light emitted from the same laser was tested 

according to the experimental set-up schematized in Figure 3-12. The lasers were modulated 

with the signal generator (Voltcraft 6 MHz sweep/function generator model FG-506). The 

laser light was modulated to be a square wave with a frequency of 3.6 MHz, and it always 

worked in the maximum amplitude allowed by the LCS, like in the detonation experiments. 

The 3.6 MHz was used to compare with the transmitter system. The filter cube was used as 

an SMA interface to connect the two male SMA, one coming from the PMMA fiber and the 

other from the SiO2 cable, it was constituted by two collimators and a filter LC-HP660-HPB 

20-24.4 Bandpass filter, from Laser Components. This was the same configuration that was 

used in the detonation chamber. 

 

Figure 3-12: Experimental set-up used to evaluate the answers of the 8 used sensors to laser light 
modulated through a laser control system. 

By modulating the laser light as a square wave with 3.6 MHz, with the maximum 

amplitude allowed by the LCS, it was possible to obtain the signals shown in Figure 3-13. 

This figure shows that all the sensors have the same answer to the same stimuli. The LCS 

seems to control properly the laser since the signals do not suffer abrupt changes in their 

shapes. The time deviations observed in the signals of Figure 3-13 can be attributed to the 

signal generator because the frequency generated was not so stable. To be precise, the 

frequency of the three pulses shown varied between 3.564 and 3.552 MHz. 
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Figure 3-13: Signals obtained when the laser was modulated as a square wave, with 3.6 MHz and with the 
maximum amplitude allowed by the LCS. Channel 1 of the OECS is in green and channel 8 is in light pink. 
The vertical ax is in Volts and the horizontal one in ns. 

The RTs and FTs of the three periods of each signal shown in Figure 3-13 were 

evaluated as demonstrated in Figure 3-10. 

The average of the RTs of the 8 sensors varied between 4 and 7 ns, as before, all 

inside the time scale allowed by the acquisition properties of the transient recorder and by 

the sensors’ characteristics. The FTs were substantially higher but very stable, varying 

between 41 and 43 ns. These high FTs seem to be due to the difficulty of modulating the 

laser in its “turn off” phase, and the laser was modulated with a frequency above the 

recommended one by the producer. The LCS seems not to influence the generated signal. 

3.2.3. The answer of a sensor to different signal frequencies 

To understand how the sensors answer to signals with the same amplitude, but 

with different frequencies, a sensor was subjected to 8 different frequencies. The set-up used 

was the same as presented in Figure 3-12, using channel 1. The laser was modulated with 

signal generator Rigol DG1062Z, 60MHz, 200MSa/s as a square wave with the maximum 

intensity allowed by the LCS. The frequencies varied between 20.3 Hz and 5 MHz (Figure 

3-14). 

According to Figure 3-14, for very low frequencies (top images) until 1 kHz, it 

is observed only vertical lines corresponding to the positive and negative transition of the 

square pulse. For these low frequencies, the input signals are not reproduced at the output. 

For frequencies of 100 kHz is observed the positive and negative transitions of the square 
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pulse, and the output capacitor’s charge and discharge, respectively, but it still does not 

reproduce the square input signal. For frequencies above 500 kHz, the OECS works as a 

differentiating circuit, where the output signal is the derivative of the input signal. For square 

pulsed lasers modulated at 5 MHz is observed that the sensors can reproduce the square 

signals. As the sensor is mounted in an RC circuit, type high pass filter (Figure 3-7), it is 

verified that signals with frequencies higher than cut-off frequencies (321 kHz) are well 

reproduced. 

 

Figure 3-14: Modulated laser signals with different frequencies and maximum amplitude allowed by the 
LCS. The pink signal (top left) is correspondent to a frequency of 20.3 Hz, the vertical ax is in Volts and the 
horizontal in ms. 

 

3.3. Optical Passive Method (OPM) 

The main objective of this work was to developed a detonation metrology that 

could measure parameters like detonation velocity and detonation pressure at the Chapman-

Jouguet point. Since the detonation radiation is one of the most used phenomena to 

characterize the DW, it was used optical fibers as probes and optoelectric converters to 

record the rising emitting light from the thermal radiation of the DW. Here, this process is 

called the optical passive method (OPM). 
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The used explosive where the OPM was extensively applied was Seismoplast, a 

plastic bonded explosive (PBX) based on pentaerythritol tetranitrate (PETN). The PBXs are 

normally the most challenging explosives to study because their characteristics can have 

wide ranges, due to their heterogeneities, and they are hard to assemble in the charges.  

The following points will show the abilities of PMMA optical fibers on capturing 

and transmitting detonation radiation (passive bare optical probes, PBOP, or passive 

protected optical probes, PPOP) according to different positions. Some probes were inserted 

into the explosive charges in the axial position and other probes were fixed normal to the 

axis. They were inserted in rectangular cross-section explosive charges (RECs), employing 

a “U” plate (see the top of Figure 3-2) made of polypropylene (PP). 

Silica (SiO2) fibers were also tested, but the PMMA optical fibers were used 

since the beginning, because of their advantages: they are much easy to work with due to 

their malleability, it is easy to control their length, and to apply connectors on them, and they 

do not have a casing. 

The following presented results were obtained with a capacitor C of 100 nF (see 

Figure 3-7). 

3.3.1. Axial passive bare optical probes inside the explosive 
charge 

To evaluate the working principle of the probes when they are inserted axially 

into the REC, four PBOPs were fixed normal to the axis, and two active bare optical probes 

(ABOPs) were inserted transversally to the axis in the explosive charge like is shown in 

Figure 3-15. The active optical probes and their working principle will be detailed in 3.4. 

The two active optical probes were used to register the passage of the DW and to measure 

the mean D. All the probes were inserted inside in the middle of the charge (4 mm depth). 

Figure 3-15 shows the positive signals acquired by each passive BOP, the 

negative signal that was given by the second active probe, and four instants: the moment 

when the S8 sensor starts receiving light and its saturation moment (green dashed vertical 

lines), the moment when the DW reaches the passive BOPs (blue vertical line) and the end 

of the charge (dark red vertical line). 

The moment when the sensor started acquiring light was determined by the 

intersection of the baseline with the line that fits the raising part of the signal as shown in 
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the zoomed part of Figure 3-15 right. The time interval between the APOPs was used to 

calculate the D of the experiment (7273 m/s). 

Analyzing Figure 3-15, it is possible to see that all sensors take more or less the 

same time to saturate, being their average time of 1.31 μs. This means that the sensors started 

to detect radiation when the DW is around 9.5 mm far away from the top of the probe. All 

the passive probes started to capture radiation before the DW reaches the active BOP2. This 

proves that Seismoplast is transparent to the detonation radiation. The sensors were saturated 

around 419 ns before the DW reached the top of the passive probes (blue vertical line), which 

means that the DW was about 3 mm far away from the top of the probes when the sensors 

reached the saturation level. 

These results show that passive BOPs oriented axially in the charge, with the 

used set-up (probes directly connected to the optoelectric converter system, without any 

attenuation), are not useful for detonation velocity calculations neither for the determination 

of the DW curvature, since it is not possible to determine the time when the DW shocks the 

top of the probes. However, they can be useful to study the detonation radiation inside the 

explosive charge. 

 

Figure 3-15: Scheme of the experimental set-up used when the passive BOPs are inserted normal to the 
axis, where the distances are in mm (left), a result of such set-up with the zoomed image of the 
methodology used to determine the moment when the sensors started acquiring light. 

A similar test was performed with passive BOPs, inserted axially into the charge, 

which is depicted in Figure 3-16. This set-up is composed of eight PBOPs, separated 

between them by 250 μm, with 8 mm length inside the charge. The acquired results are also 

shown in Figure 3-16, as well as their 3D representation for better visualization.  
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The bottom of Figure 3-16 shows clearly, in both graphs, the pulsing behavior 

of the detonation radiation of a heterogeneous PBX. While the light intensity is increasing, 

it is possible to see that this increase is not done continuously, but it has a “wavy” behavior. 

This phenomenon is reported in the literature (Plaksin, et al., 2009) (Plaksin, et al., 2010) 

and it is associated with the localization of the reactive process in the particles, or in the 

cluster of particles, inside the PBX. 

 

Figure 3-16: Scheme of the set-up with 8 axial PBOPs (top), the acquired result (bottom left), and the 3D 
representation of the acquired result (bottom right). 

The same test was performed with the probes inside of stainless-steel tubes to 

protect the passive optical probes (PPOPs), to ensure the position inside the charge, and to 

avoid any lateral radiation entering into the probes. The acquired results were the same as 

for the passive bare optical probes, as shown in Figure 3-17. 
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Figure 3-17: Scheme of the set-up with 7 axial PPOPs and one APOP for distance and time references, 
distances in mm (top), the acquired result (bottom left), and its 3D representation (bottom right). 

Until here it was shown that, with the used experimental set-up, axial probes, 

concerning the detonation axis, are not able to determine precisely a time according to their 

position, because it would be needed to calibrate each probe immediately before the 

experiment after the insertion of Seismoplast in the container, which was not possible for 

security reasons (the explosive should be detonated shortly after the sample preparation, to 

avoid accidents, according to the ICT rules).. 

3.3.2. Transversal passive bare optical probes inside the 
explosive charge 

It was performed four different configurations using the passive optical probes 

transversally mounted concerning the axis of the charges. In the literature, for a point-to-

point determination of the detonation velocity of explosives using optical fibers, is described 

frequently that the optical fibers are fixed in the interface wall/explosive. This configuration 

was tried as (1), and the other three consisted of inserting the probes (2) 4 mm into the 

explosive charge, (3) crossing completely the charge, and (4) crossing completely the charge 

at the interface charge/witness plate (base of the charge made out of Cu). The schemes of 

these four configurations are shown in Figure 3-18 accompanied by the respective results. 

Four probes were used in each configuration, except for configuration (4), where just two 

probes were used. In the schemes, the PBOPs are always represented by blue lines. In (4) 
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the blue lines are dotted to represent that they were inserted at the interface Seismoplast/Cu 

plate, while all the others were always inserted in the middle of the charge. All set-ups have 

the same dimensions as the ones presented at 3.3.1, with exception of the length and positions 

of the probes. 

For configurations (1) and (2) just one result was present (from (1)) because the 

acquired results were very similar between them - probes inserted in the interface 

explosive/container’s wall, or 4 mm inside and in the middle of the explosive charge, give 

wavy and slow rising signals followed by a plateau that shows the sensor’s saturation; probes 

completely crossing the charge, and in its middle (configuration (3)), give signals with fast 

and sharpen rise times at the moment of the shock between the DW and without the “wavy” 

behavior, preceded from a very small rise due to the radiation that the bare probes can acquire 

transversally, and followed by an intense peak and the saturation’s plateau; when the probes 

are inserted in the bottom of the charge, at the interface explosive/Cu plate (configuration 

(4)), there is a long low rise and more intense than in configuration (3), but when the DW 

shocks the probe, the signal has the same behavior as in (3), fast and sharpen rise time 

followed by a peak and the plateau of the sensor’s saturation. Configurations (3) and (4) are 

the only ones where is possible to clearly see the moment when the DW shocks the probes, 

given by the fast and sharpen raising parts of the acquired signals. 
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Figure 3-18: Set-ups schemes and respective acquired signals for four different transversally inserted 
passive bare optical probes into the middle of the explosive charge (4 mm deep). The exception was (4) 
where they were at the interface explosive/Cu plate. All distances in the schemes are in mm. 

To show the different behaviors of the rising signals when the probes are inserted 

in the four different configurations referred above, Figure 3-19 was constructed. Taking into 

account the low saturation level of the sensors, the probes in configurations (1) and (2) show 

signals with relatively slow raising times followed by the sensors’ saturations, and the wavy 

behavior observed by the axial probes is still visible by these transversal probes. When the 
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probes are completely crossing the charge (configurations (3) and (4)), the raise times are 

shorter, it is formed an intense peak that is followed by the saturation’s plateau, and the wavy 

behavior of the radiation is not observed anymore. In configuration (4), there is a slow rising 

of the signal with significant intensity, before the abrupt rise of the signal, showing that in 

this position there is additional radiation that the probes can capture transversally. 

 

Figure 3-19: Rising signals from configurations (1) to (4). All the signals were acquired by sensor S1. 

For the first three configurations it was determined the D, while it was not 

determined for configuration (4) due to the reduced number of probes. D was calculated by 

two different methods, the least square method, and the mean detonation velocity, like all 

the detonation velocities calculated throughout this work. They are properly described in 

Chapter 4. These results are presented in Table 3-2. 

According to the measured Ds, it is possible to affirm that configuration (2) is 

the most unprecise because is where the different calculation of D have the biggest difference 

between them, and the associated errors (S and D std dv) are the highest from the three 

configurations. This is attributed to the saturation of the sensors before the DW reaches the 

probes, and the insertion of just 4 mm of the probe inside the charge makes additional errors 

in the probe’s position. Configuration (1) is slightly more precise than (2), but the associated 

errors and the difference between calculated Ds are still high. These errors are associated 

with the saturation of the sensors before the DW shocks the probes. The most precise 

configuration was (3), where the deviation between Ds is small, as well as the errors 

associated with each calculation.  
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Table 3-2: Determination of detonation velocity of Seismoplast for experiments (1) to (3), according to the 
least square method and the mean detonation velocity determination. 

Configuration 
Least square method Mean detonation velocity 

D (m/s) S (mm) D mean (m/s) D std dv (m/s) 

(1) 7349 0.628 7398 312 

(2) 7039 1.024 7131 497 

(3) 7262 0.369 7248 175 

3.3.3. Filter application to passive optical probes 

To avoid sensor saturation and surrounding radiation, it was added to the 

experimental set-ups filters (F1) with a bandwidth between 640 and 680 nm (LC660HBP40, 

Laser Components), inserted between the end of the optical probes and before the optical 

cables that were conducting the radiation from the detonation camera to the optoelectric 

converter system, a filter cube assembled similar to the one shown on Figure 3-12. 

Configuration (3), which set-up is represented in Figure 3-18 (left), was composed of 4 

passive BOPs, where the first and the last one had no filters and the middle ones had filters. 

The acquired results as well as the zoomed image in time of the filtered signals are shown in 

Figure 3-20. 

As shown by the acquired results, the use of filters cut the surrounding radiation 

out of the filter’s wavelength window (filtered signals do not have the little left rising “tail”) 

and also avoids the saturation of the sensor (the plateaus after the maximum peaks do not 

exist in the filtered signals). The initial abrupt rising of the filtered signals indicates the 

moment of the shock between the DW and the passive BOP, but the number of peaks with 

different intensities makes it hard to choose one as a reference, mostly because the shape of 

such signals is not always the same, and the maximum peak is not always the first peak. The 

same experiment was performed with protected optical probes and the results were similar, 

showing that, in these cases, the protection of the probes does not change the shape of the 

acquired signals. 
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Figure 3-20: Acquired signals with passive BOPs (left) and zoom imaged (right) from the signals in which 
probes had filters in their ends. 

Another advantage of the application of the filters on these set-ups is that is 

possible to make D tests using only one optical probe. Configuration (5) consisted of an 

optical fiber assembled in “S” shape, like it is shown in Figure 3-21 (left), inserted in the 

middle of the charge (layers of 4 mm Seismoplast above and below the optical probes). This 

probe was used bare and protected, connected to a filter F1 and the acquired result is also 

shown in Figure 3-21 (right top for BOP, right bottom for POP). 

When using one single passive BOP was possible to have a clear signal from the 

four well-determined positions where the BOP was passing, which was not possible before 

since the saturation of the previous signal would mask the beginning of the next signal, but 

the number of peaks close to each other with different intensities make the result impossible 

to read. When using POP, the signal was not so intense and clean (right bottom of Figure 

3-21) like the one for BOP, maybe because the probes are not so well destroyed when 

protected and they still can capture light after the detonation front shock them, but it is 

possible to observe a pattern in the acquired peaks: after the first peak (signed with a black 

arrow), the following peaks lose intensity until one is more intense again (signed by the 

second black arrow), the following peaks lose again the intensity until appears one that is 

more intense again (third black arrow) after this peak appears another with high intensity, 

but its width makes it useless for the measurement until it appears again a peak with the same 

characteristics as the previous (intense and narrow, signed by the fourth black arrow). This 

last peak is followed by a more intense one, also narrow, but since the previous appeared 

first and meet the same characteristics as the previous ones, it was the one considered 

readable. 

The times of the maximum peaks of the “S” BOP of Figure 3-21 (top right) were 

taken and the detonation velocity of Seismoplast was calculated by the same methods as 
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before (see Table 3-2 and respective description). By the least squared method, the obtained 

results were D = 7345 m/s and S = 0.262 mm, while the result for the mean detonation 

velocity was D = 7241 ± 179 m/s. Comparing these results with the ones from the experiment 

(3), it is possible to say that one single BOP is as efficient as 4 point-to-point BOPs to 

measure the D of Seismoplast, with the inconvenient of having signals with much more 

peaks. Considering the times indicated by the black arrows in Figure 3-21 (bottom right), 

when using an “S” POP, the D of Seismoplast calculated by the least square method was 

7303 m/s and the S associated was 0.04 mm; the D calculated by the mean detonation 

velocity was 7306 ± 24 m/s. The similarity between the different D results (just 3 m/s 

difference) and their respective low errors associated show that, even if the signal is not so 

clear (but clear enough to be evaluated) and intense, the use of stainless steel tubes increase 

the precision in the position of the probes, which leads to more precise D results. 

The use of 8 BOPs and 8 POPs connected to filters to measure detonation 

velocity of Seismoplast, assembled on RECs, will be detailed described in Chapter 4, but it 

will also be shown there that the use of protected probes increases the precision of the results. 

 

Figure 3-21: Scheme of the set-up of configuration (5) used to measure D with one single optical probe. 
Acquired results by an “S” bare (top right) and an “S” protected (bottom right) optical probe. The distances 
are in mm. 
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3.4. Optical Active Method (OAM) 

The optical active method (OAM) was developed to eliminate the problems 

generated when acquiring detonation radiation, such as light acquisition before the instant 

of the shock on the probe, and uncertainties due to the most intense peak not being always 

correspondent to the shock’s peak. Other problems, which lead to the OAM development, 

are that some inert materials (IMs) do not emit radiation under shock, while others are 

opaque, or the radiation that some IMs emit under shock is not detectable. 

Since the metrology developed in this work is intended to be applied to 

determine different detonation parameters, where it is needed to use IMs to characterize 

these parameters (CJ pressure), the OAM had to be versatile enough to work under the 

conditions where the detonation radiation, or any other radiative phenomenon, is not useful 

for measurements. The OAM is so-called active because the optical fibers have active 

transmission of monochromatic radiation to the sensor, and it is the interruption of these 

transmissions that will determine the time when the DW, or the SW, is crossing the probes, 

which are always inserted in very well-determined positions. 

The following points show the OAM development, the difficulties that it 

presented, and the solutions found to make the OAM a useful method.  

3.4.1. Laser application to optical probes 

To obtain signals that are not dependent on detonation’s radiation and any other 

source of radiation generated by the shock of a DW, or an SW, it was needed a system where 

the acquired time had to be directed related to the moment when the probe is destroyed. For 

this, it was needed to play with the transmission abilities of the fibers and their losses when 

shocked. So, it was decided to transmit constant monochromatic radiation through the 

probes. This radiation, given by lasers with a wavelength of 660 nm, had as objective to 

saturate the respective sensor, to avoid the interference of external light on the signal. The 

signal should be acquired at the moment that the probes were shocked, so the received light 

had to be interrupted at that moment. 

With this proposal, it was performed some experiments with configuration (6), 

which probes support (“U” plate) and respective experimental scheme are shown on the top 

of Figure 3-22. The passive (PBOPs, represented in blue) and the active (ABOPs, 

represented in red) bare optical probes are intercalated with each other, the length of 
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Seismoplast above PBOP_S1 was 60 mm and the last 20 mm were composed by the end of 

the detonator surrounded by Seismoplast. The active and the passive BOPs had to be 

intercalated to confirm if the time of the ABOPs was coherent with their positions since the 

OPM was giving already trustable results. At the bottom of Figure 3-22 is shown the acquired 

results from one of these experiments. 

According to the characteristics of the sensors present in the OECSs, continuous 

monochromatic radiation is converted into a constant signal with 0 V, as shown by the 

beginning of the ABOPs signals in Figure 3-22 (bottom right). But, when the DW shocks 

the probes, this radiation is interrupted and the signal will have an abrupt fall down. After 

this fall down, the shape of the signal is dependent on the radiation that the probe is still 

receiving, and on the capacitor of the circuit where the sensor is integrated, but it has no 

relevant information for time measurements. Such signals can be observed in the bottom 

right of Figure 3-22. 

By the set-up construction, it was expected to have the falling down of the laser 

signals (ABOPs) between the abrupt risings of the passive BOPs signals, but this did not 

happen. The acquired signals were much further in time than expected (Figure 3-22 bottom 

left) and they were heavily affected by the detonation radiation, since they do not fall 

abruptly to a minimum point, they have multiple peaks with different intensities and even 

new plateaus appear (most visible on ABOPs S6 and S7) until the sensor is not sensible to 

radiation anymore, given by the plateaus with around -1.3 V.  
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Figure 3-22: Configuration (6) - Image of an assembled “U” plate with passive and active BOPs, as well as 
its respective scheme (top). Acquired results and the zoomed image of the results acquired by the active 
BOPs (bottom). L- laser. Distances in mm.  

3.4.2. Optical probes transmitting modulated laser light 

The fact that the fall downs of the signals shown in Figure 3-22 did not appear 

in the expected times led to the idea that the sensors were saturated by the laser light and 

kept saturated while receiving the detonation radiation. It seems that they just started being 

sensible to the interruption of the light when the detonation radiation was not strong enough 

to saturate the sensors anymore. 

To prove this theory, it was decided to modulate the laser light. In the first 

experiment, the configuration of the set-up was the same as the one shown in Figure 3-22 

(top), but the lasers associated with the ABOPs were modulated to emit a square wave with 

1 MHz frequency, with the help of a signal generator. The acquired signals by this 

configuration are shown in Figure 3-23. 

These signals show that the detonation radiation keeps the sensors saturated, 

making them not sensible to the loss of the laser radiation. A clear example of this is the 

signal generated by ABOP_S7 (Figure 3-23 bottom left), where it was not possible to 

determine the instant when the DW shocks the probe. At this moment, the sensor was 

saturated by the laser light and kept saturated by the detonation radiation (shown by the 

plateau), just losing shortly its saturation at 9 µs, approximately. For the other two acquired 
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signals, ABOPs S6 and S8, it was possible to determine the moment when the DW shocked 

the probes since the acquired signals lost their shape at that moment (indicated by the dashed 

lines). The signal of ABOP_S6 (Figure 3-23 top right) also shows that the rise up and the 

saturation of signal given by the detonation radiation is very similar to the rise up and 

saturation of the same signal when it just shows the laser modulation, which means that both 

emit light with higher amplitudes than the ones of the working range of the sensors. 

 

Figure 3-23: Acquired signals by the set-up shown in Figure 3-22, but with the lasers modulated as square 
waves with 1 MHz (top left), and images of the individual signals for better signals’ visualization. 

3.4.3. Filters application to optical probes transmitting 
modulated laser light  

To use modulation on the lasers that are transmitting radiation into the probes 

showed to be useful to evaluate the sensors’ saturation, but not good enough to determine 

the time when the probe is shocked. The solutions to this problem were to use a higher 

frequency on the lasers’ modulation, to try to avoid that the moment of the destruction of the 

probe was coincident with the moment when the laser is emitting light, and apply filters F1 

(bandwidth between 640 and 680 nm) to reduce the detonation radiation without affecting 

the laser transmission. For this, configuration (6) was used, but with the lasers modulated as 

square waves with 2 MHz Figure 3-24 presents the acquired results only for the modulated 

probes, altogether (top left) and individually.  
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With this modulation frequency was already possible to determine the moment 

of the shock on the probes (given by the black dashed lines in Figure 3-24), since no shock 

happened at the moment that the laser radiation was saturating the sensors. The filters were 

very useful to separate the detonation radiation from the laser’s light, which is shown by the 

intensity of the peaks and the shape of the signals after the DW reached the probes. At this 

moment, the signals lost their modulation and became an agglomeration of peaks, all of them 

with lower intensities than the modulated peaks. 

The main objectives were reached, but the shape of the signals was still not 

satisfiable for time measurements, since the derivative method used to determine the times 

from the signals (described in chapter 4) is mostly sensible to their absolute maximums and 

minimums. It would be possible to use these signals to determine the D of Seismoplast, but 

it would demand much more work from the user. Another problem that this configuration 

presents is that the detonation radiation still has important influences under these signals. 

 

Figure 3-24: Signals from active BOPs modulated as square waves with 2MHz all together (top left) and 
separated. The instant where the DW shocks the probe is assigned with a black dashed vertical line. 

3.4.4. Filters application to continuous laser light 

Throughout this work, three different filters were used. The F1 filters were filters 

LC660HBP40, centered at 660 nm and with a bandwidth of 40 nm (from Laser 

Components); the F2 filters were Semrock FF01 filters centered at 650 nm and with 26 nm 

bandwidth (SEM-FF01-650/13-25, from Laser 2000); the filters F3 were LC660HBP20 
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filters, centered at 660 nm and with a bandwidth of 20 nm (LC-660HBP20-24.4 

Bandpassflter, from Laser Components). The used lasers were always the same and they had 

their maximum intensity at 659 nm. 

Figure 3-25 shows the spectroscopic measurements done to confirm the 

bandwidth of the filters and the emission wavelength of the lasers since the lasers’ producer 

claimed to be 650 nm, which proved to be wrong. The wavelength of the tested laser is 

indicated by a black arrow. 

 

Figure 3-25: Spectroscopic measurements of one of the used lasers (red continuous line signed with a black 
arrow) and the three used filters. 

When filters are applied on probes that are conducting continuous laser light but 

lose their transmission properties when shocked, the result is that the detonation light will 

no longer interfere in the measurements, and the obtained signal will fall from the baseline 

to a negative voltage, that represents the interruption of the light in the moment of the shock. 

Such signals can be observed in Figure 3-26. The signals represented at the bottom of Figure 

3-26 are different from all the others because the capacitor C (Figure 3-7) changed from a 

capacity of 100 nF to 0.971 nF, to have more peak-shaped signals.  

Figure 3-26 shows the results of three experiments using the three different 

filters. These experiments consisted of a circular cross-section explosive charge (CEC) with 

15.8 mm inner diameter, length of 150 mm, with 8 active protected optical probes along its 

column, separated 10 mm between them. 

Besides the clear differences between the shapes of the acquired signals, there 

are no big differences, because the filters are not so different between them. Three filters 

were used throughout this work because the first choice (F1) was too wide in the passing 
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wavelength window, which made intense peaks very close to the fall downs. Reducing the 

bandwidth of the filters to F2 already generated more clear fall downs without so intense 

peaks nearby. But F2 filters presented a problem: their bandwidth limit was very close to the 

laser emission (see Figure 3-25) and, since the lasers’ emission was not so stable, many times 

the laser wavelength would shift to blind part of the filter, which would make very noisy 

signals, or signals with false falling downs (related to the shift of the laser, not with the shock 

between the DW and the probe). The filters F3 were finally chosen for having a narrow 

bandwidth and centered exactly at the emission wavelength of the lasers.  

 

Figure 3-26: Detonation velocity signals acquired with different filters F1, F2, and F3, and different capacitors 
C.  

The D values of the 3 tests presented above that used POPs, which were 

conducting and saturating the sensors with continuous radiation, and three different filters 

are presented in Table 3-3.  Considering that the S and the standard deviation associated with 

each measurement is relatively low, it can be considered that the effect of the filters does not 

affect the measurement. 
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Table 3-3: Determination of detonation velocity of Seismoplast for experiments that used different filters, 
according to two different calculation methods. 

Experiment 
Least Square Method Mean Detonation Velocity 

D (m/s) S (mm) D mean (m/s) D std dv (m/s) 

F1 filters 7352 0.04 7358 40 

F2 filters 7345 0.08 7350 75 

F3 filters 7343 0.09 7345 104 
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4. EXPERIMENTAL CHARACTERIZATION OF 
DETONATION VELOCITY AND PRESSURE 

In the following points will be presented the thermochemical calculations 

performed to predict the detonation properties of Seismoplast, the measurements of 

detonation velocity and detonation pressure using the OAM, as well as the published papers 

about these measurements. The last point of this chapter will show the measurements of the 

D and the PCJ of HWC and TKX-50, which are explosives that present different densities 

and physical forms from Seismoplast. 

4.1. Seismoplast’s thermochemical calculations 

Computational thermochemical codes have been used to predict, between other 

detonation parameters, the D and PCJ that known reactive compositions can achieve. 

Probably, the most known and commercially available detonation thermochemical codes are 

Cheetah and Explo 5 but, since the last decade of the 20th century, LEDAP has been 

developing its code, the so-called THOR, which is also available commercially.  

In this work, Explo 5 and THOR were used to calculate detonation parameters 

of Seismoplast, with a special focus on the D and CJ pressure. PCJ was the most important 

to predict, to have a clear idea of the expected pressures that could be obtained in 

experimental tests. These used thermochemical equilibrium codes will not be detailed 

described here, because it is not the focus of this work, and there is available literature about 

Explo 5 (Suceska, 1999) (Sućeska, 2001) (OZM Research, n.d.) and THOR (Durães, et al., 

1996) (Duraes, et al., 1998) (Quaresma, 2013). 

The chemical composition of Seismoplast used in both codes was 86% PETN 

and 14% Sylgard, with a density of 1.56 g/cm3. In reality, the inert part of Seismoplast is 

composed of 13% silicone resin and 1% zinc stearate, but since this second compound does 

not exist in the database of Explo 5, neither on THOR’s, and it is inert like the Sylgard, it 

was considered the 14% of Sylgard.  

Explo 5 V6.04.02 allows the use of the BKW EoS, while THOR allows the 

choice of different EoS included in the program. Due to this, THOR used the BKW and the 
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HL EoS, the first to be comparable with Explo 5, and the second because it is adequated to 

work with condensed detonation products. 

The results obtained by Explo 5 can be seen in Figure 4-1, where the calculated 

D of Seismoplast is 7219 m/s and its PCJ is 22.1 GPa. 

 

Figure 4-1: Results from Explo 5 considering the chemical composition and density of Seismoplast. 

In THOR code, the detonation products were selected according to the ones that 

appeared at the Explo 5 calculation (composition of detonation products, Figure 4-1). The 

common detonation products that are presented in the calculations from both codes were: 

C(graf), CH4, CO, CO2, H, H2, H2O, N, N2, and NH3. THOR seems just to have the ability 

to work with a maximum of 20 detonation products, not using them all in the calculations. 

Explo 5 seems to generate the detonation products by itself and includes in its calculation 

much more and longer molecules than THOR.  
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The THOR calculations performed with BKW and HL EoS are shown in Figure 

4-2. The Ds obtained by BKW and HL EoS were 7668 m/s and 7666 m/s, respectively, while 

the CJ pressures were 20.8 GPa and 21.0 GPa, respectively.  

 

Figure 4-2: Results from THOR using the BKW EoS (left) and the HL EoS (right). 

According to the thermochemical calculations performed for this work, it is 

expected that the D of Seismoplast varies between 7219 and 7668 m/s, and its CJ pressure 

varies between 20.8 and 22.1 GPa. The D and CJ pressures determined with the BKW EoS, 

in both thermochemical equilibrium codes, exhibit a difference of 439 m/s and 1.3 GPa, 

respectively. Among the possible reasons, one is related to the different values for the BKW 

constants (α, β, k, θ) used in both codes. EXPLO5 considers the BKWN EoS with (0.5, 0.38, 

9.4, 4120), while THOR uses the BKW EoS with (0.5, β, 11.8, 400). The constant β is 

determined according to the richness of the mixture, varying between 0.16 (β for RDX, 

richness=1.5) and 0.096 (β for TNT, richness=2.75). Another reason may be related to the 

amount of solid carbon in the detonation products, which is almost double in THOR than is 

in EXPLO5, whereas the amount of SiO2 (s) is similar in both codes. 
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4.2. Detonation properties of Seismoplast 

The next points will present a summary of the work done to measure the 

detonation characteristics of Seismoplast (D and PCJ), as well as the published papers about 

each parameter. 

4.2.1. Detonation velocity 

The following published paper (Quaresma, et al., 2020) presents some 

peculiarities that were observed during the testing of the passive/active optical methods to 

measure the detonation velocity of Seismoplast. Both methods were tested using bare optic 

fiber probes (BOPs) and optic fiber probes protected with a stainless steel tube (POPs). The 

active optical method uses a laser with a wavelength of 660 nm, and the recording system 

contains a window filter with a wavelength range of 650 to 670 nm. Using the passive optical 

method with the two different probes, the detonation velocities obtained ranged from 7233 

to 7324 m/s, with standard deviations between 1.1 and 6.0 %. For the active optical method, 

the experimental results for detonation velocity varied between 7261 and 7351 and were 

obtained with a standard deviation of 0.6 to 1.7%. These results show clearly that the method 

that lowers the errors’ amplitude of these measurements is the OAM with POPs. A detailed 

description of this work is presented in (Quaresma, et al., 2020). 
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4.2.2. Detonation pressure 

This point shows the calculations done to evaluate the PCJ of Seismoplast having 

as base the theory presented in Chapter 1, as well as the experimental determination of this 

parameter. 

Seismoplast is a PBX that is barely characterized in the literature, as is 

demonstrated by Table 1 of (Quaresma, et al., 2021). Since Seismoplast is a PETN-based 

explosive, bibliographic research was done about such compositions, to have an idea about 

its detonation pressure. This bibliographic review is presented in Table 2 of (Quaresma, et 

al., 2021) and, considering compositions with similar densities and/or detonation velocities 

to Seismoplast, it is predicted that its CJ pressure can be found between 19.8 and 24.0 GPa. 

Table 2 was also useful to estimate the parameter Γ of equation (1.62), which was 2.894.  

The application of eq. (1.62) is a fast and rude way to predict the PCJ of an 

explosive based on its detonation velocity and initial density, when Γ is rounded to 3. 

Nevertheless, considering the Γ calculated from Table 2, the density of Seismoplast (1.516 

g/cm3) and its range of D (7233 and 7351 m/s) presented in 4.2.1, eq. (1.62) predicts that the 

PCJ of Seismoplast should be between 20.9 and 21.7 GPa. 

An empiric way to estimate the PCJ is to use eq. (1.67), which was proposed by 

Cooper relying on the experimental results of detonation parameters from many explosives. 

The equation (1.67) predicts that the CJ pressure of Seismoplast should be found between 

22.4 and 23.2 GPa. 

The computational calculations presented in 4.1, as well as in a more synthetic 

form in Table 4 of (Quaresma, et al., 2021), predict that the PCJ of Seismoplast should be 

between 20.8 and 22.1 GPa. Both equations and the computational calculations give results 

for the PCJ inside the range of the bibliographic research. The computational calculations 

present a very similar range to the one predicted by the equation (1.62), which is lower than 

the range given by equation (1.67). 

The optical active method (OAM), based on PMMA optical fibers (250 μm 

diameter) and their radiation transmission loss when shocked, was used to characterize the 

detonation wave (DW) and shock wave (SW) in inert barriers and applied to measure the 

detonation pressure on condensed explosives. The induced shock velocities generated by 

Seismoplast on different thicknesses of PMMA, aluminum, and copper were measured. 

Based on the shock velocities at the interfaces between the explosive and the inert barriers, 
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the CJ pressure of Seismoplast was determined as 21.2 GPa. A detailed description of this 

work is presented in (Quaresma, et al., 2021) 

With the obtained CJ point, where uP, CJ is 1847 m/s and PCJ is 21.2 GPa, and 

with equation (1.68) proposed by Cooper, allowed the estimation of the Hugoniot of the 

detonation products (DP) of Seismoplast, as shown in Figure 4-3. 

Comparing this Hugoniot DP predicted by Cooper with the poly. (interface 

points – Table 5) made to the interface points, it is possible to have an idea of the dispersion 

between the calculated interface points and the ones that would be supposed to find given 

the obtained CJ point. This comparison is shown in Figure 4-3. This figure shows that the 

calculated interface points lay very close to the ones predicted by Cooper when considering 

the CJ point determined in this work. To be more precise, the interface point for PMMA is 

slightly overestimated, while the other interface points (for Al and Cu) seem to be slightly 

underestimated. This can be due to the different set-up used to measure the shock velocity 

in inert materials, as detailed described in (Quaresma, et al., 2021). 

Anyway, the calculated interface points are in agreement with the ones predicted 

by eq. (1.68) and the quadratic fitting is very close to the predicted Hugoniot DP of 

Seismoplast. 

 

Figure 4-3: Hugoniot of the detonation products (DP) of Seismoplast predicted by eq. (1.69). 
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4.3. Detonation properties of HWC and TKX-50 

The OAM was also used with two explosives in the pellets form: HWC and 

TKX-50. The pellets in a cylindrical form are shown in Figure 4-4. HWC is an explosive 

based on RDX, wax, and carbon, while TKX-50 is dihydroxylammonium 5,5′-bistetrazole-

1,1′-diolate, an energetic ionic salt. 

These kinds of charges were used to test the application of the metrology system 

to measure detonation properties, as detonation velocity, of non-malleable explosives. The 

containers were made out of PP (initial versions made out of Cu), had a length to insert 

pellets of 180 mm. 

 

Figure 4-4: Pellets explosive charge where the darker pellets are HWC and the lighter are TKX-50. 

4.3.1. HWC 

4.3.1.1. Detonation velocity 

Three tests with HWC pellets were performed to measure its D, the explosive 

charges were composed of 7 HWC pellets, and initiated with detonator no. 8. All the pellets 

(with 21 mm length and 21 mm diameter) had a slit on the top face to insert a probe, with 

0.5 mm deepness. The density of all the pellets that were used on the charges was measured, 

and the mean value obtained was 1.683 ± 0.021 g/cm3. The probes used in this set of 

experiments were active protected and bare probes (APOPS and ABOPs) connected to F2 

filters and they were all used to measure the D of HWC. 

Figure 4-5 shows the used configurations as well as an example of each acquired 

result. All the signals acquired during these 3 tests were obtained with a capacitor of 100 nF 

at C (see Figure 3-7) installed in the optoelectric converter.  
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Figure 4-5: Experimental set-ups and an example of a respective acquired result. 

The acquired signals during these 3 tests were all similar between them like as 

shown in Figure 4-5. The main difference appears to be that the protected probes presented 

more noise after the falling down of the signal than the bare ones. Most of the acquired 

signals by protected probes were more perturbed than the ones presented for Seismoplast. 

Nevertheless, all of the acquired signals presented the well-defined fall down, which allowed 

calculating the detonation velocities presented in Table 4-1. The detonation velocity of each 

test was determined by the two different calculations used during this work, the least square 

method and the mean detonation velocity, as well as their associated errors.  

Table 4-1: Results of the tests performed with HWC in the three different used configurations. 

Test 
Least Square method Mean Detonation Velocity 

D (m/s) S (mm) D mean (m/s) D std dv (m/s) 

1 - APOPs  8416 0.11 8415 46 

2 - ABOPs  8575 0.24 8525 169 

3 - ABOPs 8431 0.3 8457 151 

 

In the three performed tests the values of mean D varied between 8416 and 

8575 m/s. The results show that the measurement using protected probes presented the 

lowest standard deviation and S factor, proving that the use of protected probes ensures 

higher precision of the probes’ positions.  
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The measurement of the detonation velocity of HWC charges with ionization 

pins was presented by (Nevstad, 2015). The HWC tested charges with 18.6 mm diameter 

and ρ0 = 1.685 ± 0.008 g/cm3 presented D = 8387 m/s , and charges with 31.8 mm diameter 

and ρ0 = 1.671 ± 0.004 g/cm3 presented a D = 8422 ± 37 m/s. Despite our values (D between 

8416 and 8575 m/s for HWC charges with 21 mm diameter and a density of 1.683 ± 0.021 

g/cm3) are slightly higher than the Nevstad values. The measured values seem plausible 

taking into account that it can not be ensured that the composition of the charges was the 

same in both experiments. 

The discrepancies between D values given by the different methods, presented 

in Table 4-1, can be associated with the damages done during the slits’ preparation on the 

HWC pellets surface, and the different boosters used for the initiation of these experiments. 

4.3.2. TKX-50 

4.3.2.1. Detonation velocity 

The detonation velocity of TKX-50 was measured in three tests, using the OAM. 

The TKX-50 pellets with 21 mm diameter, lengths of 20 and 12 mm, and an average density 

of 1.703 ± 0.007 g/cm3, were assembled in PP containers, which example is shown in Figure 

4-4. The density of all TKX-50 pellets was measured by the mass/volume ratio method. 

The TKX-50 explosive charges were initiated with an HWC booster (90 mm 

long, 21 mm diameter) and a detonator no. 8. The charges were composed of 6 TKX-50 

pellets, with 21 mm diameter. In the top faces of the pellets, it was opened one slit along the 

diameter, for probes’ insertion, with 1 mm deep and 0.6 mm width. In all experiments, 6 

active protected probes with F3 filters, and the optoelectric converter with C=0.971 nF were 

used. Figure 4-6 shows a typical result of the voltage signals acquired from the protected 

probes working in the OAM. 
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Figure 4-6: Example of the acquired signals to determine the D of TKX-50. 

From the acquired results in these experiments was determined the average D of 

TKX-50 by two different methods, and the correspondent deviations, which are presented in 

Table 4-2.  

Table 4-2: Densities and the detonation velocities for the tested TKX-50 charges. 

Test ρ0 (g/cm3) 
Least Square Method Mean Detonation Velocity 

D (m/s) S (mm) D mean (m/s) D std dv (m/s) 

1 1.704 ± 0.007 8076 0.2 8078 239 

2 1.694 ± 0.016 7883 0.5 7915 481 

3 1.710 ± 0.009 8000 0.3 7985 268 

 

In this set of tests, the D of TKX-50 obtained by the LSM varied between 7883 

and 8076 m/s. The detonation velocities obtained by both methods are very close between 

them and between each other. The associated errors to this set of measurements (S and 

D std dv) are higher than the ones obtained for HWC. This set of measurements were 

susceptible to some unavoidable errors, like the slits were not perfectly done, having 

irregularities that can keep air between the probe and the explosive; the diameter of the 

probes was smaller than the deepness of the slits, which implied an increase on the error of 

the probe’s position.  

According to (Xing, et al., 2019), charges of 95.5 % TKX-50 and 4.5 % ETPE, 

with 20 mm length and 20 mm diameter, and a density of 1.79 g/cm3 presented a D of 

8699 m/s, while charges with 30 mm length and 30 mm diameter, and a density of 1.80 g/cm3 

presented a D of 8774 m/s. The presented data of detonation velocity as a function of the 

charge’s diameter shows also, that for charges with diameters less than 40 mm, their 

detonation velocities were affected by the reduction of their diameters (Xing, et al., 2019). 
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Although (Xing, et al., 2019) indicated the method used to measure the D, he did not describe 

the experimental procedure (it is referred to neither the number of probes nor if the probes 

were located in a zone where the steady-state detonation was reached). This fact generates a 

lot of doubts about the presented results. 

Since the composition and preparation of our charges and the measurement 

method were different from the ones used by (Xing, et al., 2019), and that the detonation 

process is affected by the charge’s diameter used in this work (21 mm), the results presented 

in Table 4-2 are acceptable and relatively close to the results of (Xing, et al., 2019). 

4.3.2.2. Detonation pressure 

Three tests were performed with TKX-50 measured the US in a single plate of 

IM. Three plates of PMMA, with 50 x 50 mm and thicknesses of 1, 3, and 5 mm were tested. 

Each plate had a slit on its top face with 0.3 mm deepness. Active bare optical probes 

(0.250mm diameter) were used to measure the shock velocities. The used set-up can be seen 

in Figure 4-4, which consisted of holding a PMMA plate at the end of the charge. The 

measured thicknesses (Δx) and times (Δt), as well as the calculated shock velocities in 

PMMA, are shown in Table 4-3. 

Table 4-3: Shock velocities (US) in PMMA originated by the detonation of TKX-50. 

Test Used probes Δx (mm) Δt (µs) US (mm/µs) 

1 ABOP8 – ABOP 7 4.95 0.754 6.565 

2 ABOP8 – ABOP 7 0.95 0.117 8.112 

3 ABOP8 – ABOP 7 2.95 0.442 6.674 

 

Plotting the points shown in Table 4-3 in an (x, t) diagram, it was possible to 

obtain the graph presented on the left side of Figure 4-7, from which the US(I) (US for t=0 s) 

was calculated as 6923 m/s. uP(I) and P(I) were determined through the shock Hugoniot 

curve of PMMA, as being 2853 m/s and 23.4 GPa, respectively. Applying these values to 

the IMT, the obtained detonation pressure for TKX-50 pellets with 21 mm of diameter was 

31.1 GPa, like is shown on the right side of Figure 4-7.  
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Figure 4-7: (x, t) diagram for the SW generated by TKX-50 in PMMA plates (left), and the detonation point 
determination by the IMT (right). 

Using Cooper’s equation (1.67), considering the experimental values of D 

(7986 m/s – mean value of the least square method of Table 4-2) and ρ0 (1.703 g/cm3) 

measured in this work, the predicted CJ pressure of TKX-50 is 29.6 GPa. Hence, the 

detonation pressure measured in this work for TKX-50 (31.1 GPa) is satisfactory, since it 

has an error of 5.3 % when compared with the value predicted by Cooper’s equation. 

Nevertheless, The detonation point of TKX-50 shown in Figure 4-7 is a rough 

estimation due to the short number of points to determine the x(t) plot. The PMMA plates 

used to perform this calculation had thin thicknesses (below 5 mm), which means that the 

von Neumann spike had a significant influence on these measurements. Larger thicknesses 

of PMMA should have been used, to attenuate the effect of the pressure peak given by the 

von Neumann spike and to give bigger relevance to the effect of the Taylor wave in these 

measurements. 

In the future, HWC and TKX-50 can be properly studied with the OAM, by using 

the configuration presented in Figure 4-4 and the stack configuration. 
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5.  Conclusions 

The work developed in this thesis allowed the development of optical fiber 

metrology for the detonation characterization of energetic materials, according to the 

previously defined objectives. This precise optoelectronic metrology based on PMMA 

optical fiber probes with 250 μm diameter was applied on the measurement of detonation 

velocity and the detonation pressure of Seismoplast, a PETN-based explosive, and other two 

energetic compositions. 

This metrology is versatile, due to the different used probes (bare (BOPs) and 

protected (POPs) optical probes) and working methods: the optical passive mode (OPM), 

where the detonation radiation is captured when the DW shocks the probe (transversal to the 

explosive charge), originating a voltage positive signal; and the optical active mode (OAM), 

where continuous monochromatic radiation is being conducted through the probes and a 

voltage negative signal is produced when the DW, or SW, shocks the probes.  

The set of tests executed to measure the detonation velocity of Seismoplast with 

the OPM presented results that varied from 7237 and 7336 m/s, and the standard deviation 

errors ranged from 1.1 to 6%; while with the OAM these values varied between 7261 and 

7351 m/s, and the standard deviation errors ranged from 0.6 to 1.7%. The OPM-BOP showed 

the worst S factor and standard deviation, due to the input of light before the DW shocks the 

probe and the possibility of bending of the probe; while the OAM method presented 

detonation velocities that varied between 7258 and 7367 m/s, and the lower standard 

deviations and/or S factors. The protection of the probes with stainless steel tubes also 

enabled an optical method capable of withstanding rough handling. 

The optical active method (OAM) was also applied to determine the detonation 

pressure of the Seismoplast. The experimental method was based on the analysis of the SW 

propagation in inert barriers, which were PMMA, Al, and Cu. According to the impedance 

matching technique applied to the explosive/inert material interfaces for the three tested 

materials and the quadrating fitting to the referred points in the (P, uP) plane, the CJ pressure 

obtained was 21.2 GPa, for Seismoplast with a density of 1.56 g/cm3. 
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All the measurement data shown in this work for Seismoplast are in agreement 

with the calculations performed using the thermochemical equilibrium codes, as well as with 

the empirical equations. 

The OAM was applied to another two energetic compositions. The detonation 

velocity of HWC, an RDX-based explosive with a density of 1.683 g/cm3, was determined 

with protected and bare optical probes. The mean detonation velocity of this explosive varied 

between 8415 and 8525 m/s, where the protected optical probes had a special relevance in 

reducing the errors of the measurement. 

TKX-50, an energetic ionic salt in the form of pellets with a density of 

1.703 g/cm3, was characterized with the OAM. Protected optical probes were used to 

determine its detonation velocity, which varied between 7883 and 8076 m/s, according to 

the least square method. Bare optical probes were used to determine the shock velocity 

generated by TKX-50 in PMMA plates (thicknesses of 1, 3, and 5 mm). With the shock 

velocity and the impedance matching technique, the CJ pressure of TKX-50 was estimated 

as 31.1 GPa.  
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