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X-RAY STUDY OF THE INTERACTION 
OF SHOCK WAVES IN STRUCTURAL MATERIALS 
USING SYNCHROTRON-RADIATION SOURCES
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Conducts of high-speed x-ray experiments on recording the interaction of shock waves in structural materials with 
synchrotron radiation are discussed using polycarbonate and magnesium as an example. The regimes of refl ection 
of a shock wave from an obstacle, of collision of counter-propagating shock waves in a cylinder, and of descent of 
a shock wave from the lateral surface of the cylinder toward its center have been implemented. Diff erences in the 
mechanics of mass fl uxes arising in polycarbonate and magnesium on exposure to shock waves have been shown.
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Introduction. Experimental determination of the response of a medium to a shock-wave action or of its shock 
adiabat is a basis for constructing the equations of state of materials at high pressures and for determining their elastoplastic 
properties and phase-transition conditions [1, 2]. Results of such experiments can also be supplemented with isotherms 
obtained under static compression of materials to high pressures [3, 4].

States of a material that are intermediate between its states described by the shock adiabat and the compression 
isotherm may be determined through the recording of wave interaction in the material. For example, the compression of 
the material by repeated shock waves is accompanied by the smaller decrease in its internal energy compared to the single 
shock compression. The material′s state under recompression will be lower than the shock adiabat of single compression, 
approaching the isotherm. Furthermore, experimental conducts with recompression simplify strongly reaching extremum 
pressures. The material′s state lying in the region between the shock adiabat and the isotherm may be attained as a result 
of the interaction of shock waves with unloading waves formed when the shock waves arrive at the material′s boundary.

Determination of the properties of materials of structural elements under shock-wave loads, upon the interaction of 
the waves in them, is of fundamental importance. External boundaries, joints, internal inhomogeneous inclusions [5], and 
other technological elements of the structure lead to a multiple refl ection and collision of the shock waves in its material, 
and also to their interaction with unloading waves, which is accompanied by the material′s fracture dependent on the initial 
geometry of primary shock waves [6].

In the present work, consideration has been given to the possibility of multiframe recording of fast processes 
using synchrotron-radiation sources [7] to investigate the interaction of waves in structural materials. Experiments were 
conducted with the refl ection of a shock wave from an obstacle, and also with the collision of plane shock waves and with 
the collision of waves under explosive compression of a cylindrical body from the lateral surface. Polycarbonate PK-ÉT-3.5 
and metallic magnesium MA14 were used as the materials under study.

Experimental Stations. Multiframe recording of fast processes using synchrotron radiation (SR) has been 
implemented at experimental stations of the Siberian Center of Synchrotron and Terahertz Radiation [7] with the use of 
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storage rings of counter-propagating electron-positron beams VÉPP-3/VÉPP-4 of the Institute of Nuclear Physics of the 
Siberian Branch of the Russian Academy of Sciences.

Diagrams of radiation generation and of the experimental stations are presented in Fig. 1. The duration of x-ray 
pulses and their period and intensity are determined by the parameters of an accelerator complex and by the structure 
of a wiggler ensuring the electron motion in an alternating magnetic fi eld to generate an SR beam. The experimental 
stations "Submicrosecond Diagnostics" and "Extremum State of a Substance" using the VÉPP-3 and VÉPP-4 SR complexes 
respectively have no fundamental structural diff erences. The SR beam going out of the wiggler passes through a collimator 
system and special x-ray transparent explosion-protected windows and is incident onto the specimen under study in the 
explosive chamber. The radiation transmitted by the specimen carries information on the amount of the substance on the SR 
beam. Next, the intensity distribution of the SR beam is recorded by the DIMEX fast single-coordinate detector developed 
at the Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences specially for studying fast 
processes [8]. The detector′s recording structure consists of 512 channels arranged along the straight line. Over the period 
of the SR pulse, the signal at each channel is recorded into its storage cell, and these cells form one frame. The DIMEX 
detector permits recording 100 frames with a minimum time of 100 ns between the frames. The period of SR pulses in the 

Fig. 1. Diagrams of SR generation (a) and of experimental stations on the VÉPP-3 and 
VÉPP-4 (b) storage rings.

Fig. 2. Spectral characteristics of radiation sources, obtained at the experimental stations on 
VÉPP-3 (1) and VÉPP-4 (2).

Fig. 3. Mass factors of attenuation of shock waves in polycarbonate (1) and magnesium (2) 
vs. photon energy.
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experiments at VÉPP-3 was 124 ns, and in the experiments at VÉPP-3, 611 ns, which corresponds to the operating regime 
of accelerators with two electron bunches rotating in diametrically opposite directions.

Spectral characteristics of the sources are presented in Fig. 2. The mass coeffi  cients of absorption of polycarbonate 
and magnesium versus the photon energy are plotted in Fig. 3 [9]. The attenuation of radiation when the SR beam is 
transmitted by the material of the specimen under study depends exponentially on the mass attenuation factor for an 
assigned photon energy. Therefore, it is specimens of such thickness d, for which the exponent in the radiation-attenuation 
law ρμ/ρd will be close to unity, that will be optimum from the viewpoint of x-ray radiography. For the VÉPP-3 station, 
the specimens′ optimum thicknesses determined with allowance for the effi  ciency of the detector for recording photons 
of varying energies were 16 mm for polycarbonate and 2 mm for magnesium, and for the VÉPP-4 station, the optimum 
thickness of the magnesium specimen was about 12 mm now. Thus, at the station "Extremum States of a Substance," we 
can record shock waves in materials with a high mass coeffi  cient of absorption of x rays, in particular, in magnesium. At 
the station "Submicron Diagnostics," time resolution is much higher, but it is only materials absorbing x rays weakly in 
the indicated range of energies, e.g., organic compounds, that are available for investigation. To investigate shock-wave 
processes in polycarbonate and magnesium, we fabricated specimens with a dimension of 20 mm which was longitudinal 
with respect to the SR beam. This enabled us to ensure similar parameters of the shock-wave action and a suffi  cient contrast 
of x-ray images.

Interaction of the Shock Wave with the Obstacle. Consideration was given to the classical problem on excitation 
of a shock wave in a specimen by a plate thrown at it (Fig. 4). Detonation products of the active charge threw a plane striker 
in the direction of a cylindrical specimen. As the striker moved along the base of fl ight, the SR beam was successively 
overlapped. In the x-ray photograph of the process, which is presented in Fig. 5, we can see the striker′s boost phase and 
a portion with a steady-state fl ight speed. The dynamics of motion of the striker is presented by the narrow dark band. 
The initial position of the contact boundary is at the zero of the horizontal axis. Upon the collision of the striker with 
the specimen, the velocities of its end surfaces change. At the instant of collision (6.5 μs), a shock wave is excited in the 
specimen whose propagation is recorded by additional attenuation of the intensity of transmitted radiation in the region of 
compression of the specimen behind the shock-wave front. The state of the specimen with recompression is implemented 
upon the refl ection of the shock wave from a steel obstacle at an instant of time of 9 μs from the beginning of recording. 
Immediately following the collision of the striker with the obstacle, a shock wave propagates over it and the contact boundary 
moves with a mass velocity. In other words, we have a point on the shock adiabat and the state behind the shock-wave front 
is quite determined. Next, the shock wave propagating over the material of the striker in the negative direction is refl ected 
by the axial rarefaction wave from its free surface. At the instant the unloading wave breaks the surface of contact of the 
striker with the specimen, the velocity of this boundary decreases and the characteristic bend is observed at the point z = 1 
mm. Next, at a depth of about 6.5 m, the axial unloading wave catches up with the shock front in the specimen. Therefore, 
the shock wave refl ected from the obstacle in the specimen is of weak intensity and is imperceptible, in practice. Also, the 
shock wave is attenuated under the action of lateral unloading which leads to a noticeable curvature of the wave-front′s 

Fig. 4. Scheme of conduct of the experiment on excitation of a shock wave in the 
specimen: 1) electric detonator; 2) contact sensor; 3) generator of a plane shock wave; 
4) active charge; 5) air gap; 6) striker guide; 7) striker; 8) base of fl ight of the striker; 
9) cylindrical specimen; 10) steel obstacle.
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surface. Figure 6 gives individual SR profi les for diff erent positions of the shock-wave front in the specimen under single 
compression. The front width marked by the lines in the fi gure refl ects its bend on exposure to the lateral unloading wave.

Decrease in the longitudinal dimensions of the specimens under study and increase in the longitudinal dimensions 
of the strikers make it possible to weaken the infl uence of unloading waves and to observe higher-intensity waves refl ected 
from the obstacle. Time resolution of the experimental station on the VÉPP-3 storage ring is suffi  cient for recording the 
process in the case of short specimens. However, for denser specimens whose investigation is only possible with the 
VÉPP-4 storage ring, time resolution will a priori be unsatisfactory. Therefore, no experiments in such a formulation were 
conducted with magnesium.

Collision of Counter-Propagating Shock Waves. A scheme of the experiment on collision of shock waves 
propagating along the axis of a cylindrical specimen in opposition is given in Fig. 7. Detonation of active charges to the left 
and right of the specimen under study excite counter-propagating shock waves in it. An x ray photograph of this process for 
the polycarbonate specimen is presented in Fig. 8a. At an instant of time of 4 μs after the beginning of recording, detonation 
waves in the active charges are incident onto indicator plates (wide dark bands). Next, the indicator plates move together 
with the boundaries of the specimen under study. The velocity of contact boundaries of the indicator plates correspond to the 
mass velocities of the substance of the specimen under study near the plates. The state with recompression is implemented 
upon the collision of the initial waves at an instant of time of about 5 μs. Subsequent fl ow is accompanied by the gradual 
compression of polycarbonate and the decrease in the intensity of transmitted radiation. The copper indicator plates, once the 
refl ected shock waves have arrived at them, bend substantially, which is expressed, in the x-ray photograph, as a noticeable 
increase in the thickness. This bend is also attributed to the infl uence of lateral unloading on the shape of the shock-wave 
front in the specimen. In the experiments with magnesium on the VÉPP-4 storage ring, the structure of fl ow resulting from 
the collision of the waves is fundamentally diff erent. It can be seen from Fig. 8b that at the site of collision of the waves, 
a region appears with a high transmitted-radiation intensity which exceeds the intensity of the SR beam transmitted by the 
unperturbed specimen. Thus, upon the collision of the shock waves, a spall occurs in the specimen′s central part to form a 
cavity. Insuffi  cient time resolution of the experimental station on the VÉPP-4 storage ring makes it impossible to resolve a 
detailed dynamics of interaction of the waves. We can only speak of a certain average velocity of the shock waves before 
collision, which is 5.6–5.7 mm/μs. The considerable width of the resulting cavity suggests that the spall appears in the 
longitudinal direction of the cylinder. In other words, tensile stresses ensuring the occurrence of a spall are transverse to the 
axis of the cylindrical specimen.

Spall fracture occurs, as a rule, after the normal incidence of the shock wave on the body′s free surface, which is 
accompanied by the occurrence of tensile stress in the unloading wave that is suffi  cient to destroy the material. In our case 
shock waves slide over the lateral surface of the cylindrical specimen. Therefore, tensile stresses occurring in the lateral 
unloading wave are much weaker. The occurrence of a spall in the case of weak tensile stress is attributable to the substantial 

Fig. 5. X-ray photograph of collision of the striker moving from left to right with the 
specimen.

Fig. 6. Radiation-intensity distribution over the cross section of a cylindrical specimen.
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decrease in the spall strength of magnesium as the temperature grows [10], which may be considered considerable for 
the case with recompression. Similar reasoning is also true of polycarbonate specimens, but no spall is observed in the 
corresponding x-ray photograph.

Cylindrical Cumulation. A diagram of implementation of the compression of the cylinder from the lateral surface 
is given in Fig. 9. This conduct of the experiment is far, of course, from ideal cylindrical cumulation. However, in the plane of 
the SR beam, we can observe shock waves converging toward the cylinder′s center. For polycarbonate, the dynamics of the 
occurring fl ow is analogous, on the whole, to the previous conduct of the experiment. Upon the collision of primary waves, a 
state with shock recompression is implemented (Fig. 10a). Next, secondary waves are refl ected from the indicator shell and 
reconverge in the central part of the specimen. The shape of the shock-wave front at this stage is substantially curved now 
because of the action of lateral unloading from the cylinder′s end. Therefore, in the x-ray photograph, reconverging waves 
have the shape of broad bands. The curvature of the shock front is also tracked from the broadening of the x-ray shadow from 
the indicator shell due to its bend. Upon the excitation of shock waves in the polycarbonate specimen, it is in a compressed 
state throughout the observation period, the intensity of the SR beam in the central part of the region of observation occupied 
by polycarbonate is lower than the initial values for the unperturbed specimen. A spall of the magnesium specimen under 
cylindrical compression is observed. The collision of shock waves occurs within approximately 15 μs after the beginning 

Fig. 7. Scheme of conduct of the experiment on collision of shock waves in the cylindrical 
specimen: 1) electric detonator; 2) contact sensor; 3) detonation cable; 4) generator of a 
plane shock wave; 5) active charge; 6) copper indicator plate; 7) cylindrical specimen.

Fig. 8. X-ray photographs of collision of shock waves in polycarbonate (a) and 
magnesium (b).
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of recording of the process. A symmetric spall in the plane of the beam appears near the initiating elements, whereas the 
specimen′s central part where the primary collision of the shock waves occurs remains fairly dense in this conduct of the 
experiment. The amount of the substance on the SR beam continues to grow in this region, and the intensity of transmitted 
radiation, to drop. The spall occurs within approximately 3 μs after recording the refl ection of shock waves in this region of 
the specimen. Therefore, it may be linked to the interaction of unloading waves propagating in a direction transverse to the 
SR beam from the upper and lower parts of the cylinder. The formation of these waves is most likely to be preceded by the 
descent and refl ection of the shock waves formed during the detonation of the upper and lower parts of the active charge.

Conclusions. Recording fast processes in a material using SR enables us to investigate the mechanics of interaction 
of shock waves with each other in it and with unloading waves.

In the case of single action of a shock wave excited by the thrown plate on the material the velocity of motion 
of the shock front and the velocity of mass fl ow in it are measurable quite accurately and relevant experiments permit 
obtaining directly points on the shock adiabat of the material. An analysis of experimental data becomes much complicated 
in observing the interaction of the waves, since here it is necessary to take account of the material′s state ahead of the front 
of the secondary wave, which will change with time as a result of exposure to unloading waves.

Fig. 9. Scheme of conduct of the experiment on cylindrical cumulation: 1) electric 
detonator; 2) contact sensor; 3) detonation cable; 4) initiating element; 5) active charge; 
6) copper indicator shell; 7) cylindrical specimen.

Fig. 10. X-ray photographs of cylindrical compression of polycarbonate (a) and 
magnesium (b).
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The appearance of a spall in specimens in the experiments with magnesium and its absence in the experiments 
with polycarbonate is also problematic to explain from just the kinematics of observed shock waves. Diff erences in the 
mechanics of mass fl ows occurring under the shock-wave action on these materials are highly fundamental. For correct 
interpretation of experimental data on the interaction of waves in them, it is necessary that numerical modeling of the 
processes be carried out. This will enable us to determine diff erences in the equations of state of the indicated materials, that 
are required for reproducing the response experimentally observed in numerical experiment.
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NOTATION

E, photon energy; I, radiation intensity; M = μ/ρ, mass factor of attenuation of x rays; N, number of photons; t, time 
from the beginning of recording x rays by the detector; dt, duration of an x-ray pulse; x and z, coordinates along the cylinder 
cross section and axis; μ, factor of attenuation (absorption) of x rays per units length; ρ, material′s density.
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