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Comparative experimental studies of the shock-induced particle ejection (“dusting”) from the free rough
(Rz20) surface of copper and lead liners exposed to one or two successive shock waves separated in time by
0.2 μs have been carried out for the first time. This situation usually occurs in cumulative systems for the com-
pression of the plasma by cylindrical or spherical liners shock or quasi-isentropically accelerated by explosion
products. Using pulsed X-ray diffraction, laser optical recording, piezoelectric pressure sensors, and hetero-
dyne interferometry, a qualitative picture has been studied and the quantitative characteristics of particle ejec-
tion from the free surface such as the velocities of the free surface and the particle f lux front and the density
(mass) distribution of particle f lux in the direction of its motion, which are necessary for more accurate deter-
mination of features and the development of more appropriate models of the effect, have been evaluated.
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1. INTRODUCTION
Shock-induced “dusting” in the physics of shock

waves, i.e., particle ejection from the free surface of
materials exposed to shock waves, has been quite
actively studied in the last decade both theoretically
and experimentally [1–24]. Data on the influence of
the roughness of the surface, the amplitude of the
shock wave, the phase state of a material, the presence
of a gas in front of the free surface, and the pressure in
the gas on dusting were obtained. Measures for the
suppression of dusting were discussed.

However, in some schemes of the acceleration of
liners by means of explosives, several shock waves are
successively incident on the free surface. In this case,
the picture of particle ejection from the free surface is
noticeably complicated. On one hand, microrough-
nesses are partially removed after the action of the first
shock wave on the free surface, and the free surface
accelerated by the second shock wave can catch the
particle f lux from the first shock wave. On the other
hand, the action of the second shock wave on the free
surface can result, under certain conditions, in the for-
mation of jet f lows from regions between jets formed
after the incidence of the first shock wave on the free
surface. Furthermore, microdefects that can be
formed in a liner under unloading after the incidence
of the first shock wave on the free surface are addi-
tional sources of dusting for the second shock wave.

In this work, we report new results of the study of
shock-induced dusting from the free surface of lead

and copper plate liners exposed to two successive
shock waves separated in time by ~0.2 μs. The ampli-
tudes of the first and second shock waves are 46 and
67 GPa for copper and 39 and 59 GPa for lead, respec-
tively, which are insufficient for the melting of copper
in the rarefaction wave and are sufficient for the melt-
ing of lead on the first shock wave [13, 19, 25].

The results obtained in this work are compared to
the results from [23], where the qualitative picture and
quantitative characteristics of shock-induced dusting
from the free surface of similar copper and lead liners
exposed to a single shock wave with approximately the
same amplitudes of 50 and 45 GPa were studied. It is
established and quantitatively confirmed for the first
time that the incidence of the second shock wave on
the free surface of the liner can noticeably affect the
quantitative characteristics of shock-induced dusting
for liners made of a material that does not melt under
shock compression.

2. EXPERIMENTS

The schematic of experiments from [23] shown in
Fig. 1a was also used in this work. To implement the
two-shock loading, 2.0-mm-thick copper (М1) and
2.5-mm-thick lead (С1) plate liners 108 mm in diam-
eter were separated by a 0.7-mm vacuum gap from
12Kh18N10T steel plates (Fig. 1b). The space in front
of the free surface was also evacuated to a residual
pressure of Pres = 1.2 kPa.
747
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Fig. 1. (Color online) (a, b) Schematics of loading of the samples and (c, d) velocity profiles  for the incidence of (a, c) one
and (b, d) two shock waves on the free surface.
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Figures 1c and 1d present the time dependences of
the velocity of the free surface calculated using one-
dimensional programs developed at the Russian Fed-
eral Nuclear Center All-Russian Scientific Research
Institute of Experimental Physics [26] for the one- and
two-shock loading of the free surface of copper and
lead liners.

The two-shock loading of the free surface is related
to the circulation of shock waves and the rarefaction
waves in copper (or lead) samples after the closure of
the vacuum gap. The chosen loading schemes allow us
to reach close velocities and pressure amplitudes
under the incidence of the first and second shock
waves on the free surface of the copper and lead sam-
ples and the time delay between waves of about 0.2 μs.
Copper does not melt under these loading conditions
(  GPa,  GPa), whereas lead melts
already on the first shock wave (  GPa, 
59 GPa) [13, 19, 25]. These features are important for
the study of shock-induced dusting. As in [23], the
2-mm-thick copper and lead samples 108 mm diame-
ter were fabricated with a specially processed free sur-
face whose 0.4-mm-thick stripe has the same rough-
ness Rz20 (  μm,  μm).

To increase the informativeness and reliability of
results, we simultaneously used shadow laser optical,
X-ray diffraction, piezoelectric, and heterodyne inter-
ferometry (PDV sensors) methods for measurements.

Experiments were carried out at the Pylenie mea-
suring-testing complex [17]. A qualitative picture and
the quantitative characteristics of shock-induced dust-
ing such as the velocities of the free surface and the
particle f lux front, as well as the density and mass dis-
tributions of the particle f lux in the direction of its

1 = 46P 2 = 67P

1 = 39P 2 =P

α02 = 20 λ = 150
motion, were obtained in each experimental with the
listed methods. The experimental procedure was
described in more detail in [23].

3. EXPERIMENTAL RESULTS 
AND THEIR DISCUSSION

The results obtained in this work using shadow
laser optical recording and PDV sensors are presented
in Figs. 2 and 3 in comparison with the results
obtained in experiments with the incidence of one
shock wave on the free surface (FS) [23]. These meth-
ods ensure the clearest visualization of the qualitative
picture of dusting induced by one or two shock waves.

In particular, a particle f lux noticeably ahead of the
free surface and spall fragments near it are observed on
shadow laser optical images in the case of the inci-
dence of one shock wave on the free surface of the cop-
per sample (Fig. 2b). In the case of the incidence of
two successive shock waves on the free surface of a
similar sample, the qualitative picture remains the
same, but particles and spall fragments are entrained
by the free surface accelerated by the second shock
wave (Fig. 2d).

The qualitative picture of dusting induced by one
shock wave incident on the free surface of the lead
sample is noticeably different (Fig. 3a) apparently
because of its melting. Cumulative jet f lows are ejected
from the microrelief on the free surface and then decay
into particles under the action of the velocity gradient
along the jets. As in the case of the copper samples, the
second shock wave incident on the free surface of the
lead sample compresses the particle f lux (Fig. 3c).

The spectrograms of velocity profiles of the free
surface and dust f luxes in the case of the incidence of
one (Figs. 2b, 3b) or two (Figs. 2d, 3d) shock waves are
JETP LETTERS  Vol. 117  No. 10  2023
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Fig. 2. Results of experiments for copper samples with the free surface exposed to (a, b) one and (c, d) two shock waves; T1 and
T2 are the times of incidence of the first and second shock waves, respectively. 
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consistent with the qualitative picture of shock-
induced dusting detected by shadow laser optical
recording (Figs. 2a, 2c, 3a, and 3c). In particular, the
spectrogram for the copper liner whose free surface is
exposed to one shock wave exhibits features associated
with the presence of particles and spall fragments in
front of the free surface. The ejection of only particles
is observed in the case of the incidence of two shock
waves on the free surface of the copper liner, which are
clearly detected at the times T1 and T2. According to
Fig. 2d, the velocity of the free surface after the inci-
dence of the second shock wave increases from 2.0 to
2.7 km/s, whereas the velocity of the particle f lux front
WFP ≈ 3.8 km/s does not change. This can indicate
that the second shock wave incident on the free surface
does not induce additional ejection of particles. In the
case of the incidence of one shock wave on the free
surface of lead liners, the spectrogram demonstrates
JETP LETTERS  Vol. 117  No. 10  2023
features associated only with the presence of particles
in front of the free surface. In the case of the incidence
of two shock waves on the free surface of lead liners,
the ejection of particles on the first shock wave (WFP ≈
2.8 km/s) and the second shock wave (WFP ≈
3.6 km/s) is observed at times T1 and T2, respectively.

Figure 4 presents X–t diagrams of the motion of the
free surface and the leading edge of particle f luxes
obtained with the data of all used methods, which
demonstrate that they are in satisfactory agreement.

To determine the quantitative characteristics of
mass f luxes of particles ejected under the incidence of
two shock waves on the free surface, it is necessary to
use quantitative X-ray diffraction (Figs. 5a, 5c) and
piezoelectric (Figs. 5b, 5d) data obtained in these
experiments. To reconstruct the density (mass) distri-
bution in the particle f lux (Fig. 6), reference copper
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Fig. 3. Results of experiments for lead samples with the free surface exposed to (a, b) one and (c, d) two shock waves; T1 and T2
are the times of incidence of the first and second shock waves, respectively. 
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Fig. 4. X–t diagrams of dusting from the free surface of the (a) copper and (b) lead samples exposed to two shock waves. 
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Fig. 5. (a, c) X-ray diffraction patterns and (b, d) pressure profiles obtained under the incidence of two shock waves on the free
surface of the (a, b) copper and (c, d) lead liners;  and  are the times of arrival of the particle f lux and the free surface at the
piezoelectric sensors.
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and lead wedges were used to transfer the darkening
count matrix from the images in Figs. 5a and 5c to the
mass thickness matrix, respectively [27].

Figure 6 presents the (a) density and (b) mass dis-
tributions in the particle f lux in the direction of its
propagation as functions of the (a) time and (b) rela-
tive velocity of particles in the f lux reconstructed from
X-ray diffraction and piezoelectric data. The masses of
particle f luxes were determined for particles having
velocities a factor of 1.05 higher than the velocity of the
free surface. The density distribution in the particle
flux from the copper liners was not reconstructed from
JETP LETTERS  Vol. 117  No. 10  2023
X-ray diffraction data because it is below the resolu-
tion of this method (  mg/cm2).

The averaged results of their processing in the same
manner as in [23] are summarized in Table 1 in the
form of the mass of the particle f lux per unit surface.

Agreement between the mass distributions of f luxes
depending on the relative velocity reconstructed using
both methods is satisfactory. The analysis of the results
indicates that the second shock wave incident on the
free surface of copper liners, which do not melt under
the experimental condition, apparently does not
induce an additional ejection of particles, and the free
surface accelerated by the second shock wave entrains

ρ Δmin = 1l
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Fig. 6. (a) Density and (b) mass distributions in the particle f lux in the direction of its motion versus (a) the time and (b) the rel-
ative velocity of particles in the f lux in lead according to (solid lines) X-ray diffraction data and (dashed lines) piezoelectric data
and (dash-dotted lines) in copper according to piezoelectric data.
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slower particles formed under the incidence of the first
shock wave. Therefore, the mass of the particle f lux
after the incidence of two shock waves on the free sur-
face is noticeably smaller than that in the case of the
incidence of one shock wave (Table 1). The masses of
the particle f lux from the lead liners, which melt after
the incidence of the first shock wave on the free sur-
face, after the incidence of one and two shock waves
on the free surface are close to each other. This rela-
tion can be due to the fact that the second shock wave
induces an additional ejection of particles from the
regions between jets and accelerates the free surface
that entrains larger and slower particles, which reduces
the total number of particles in the f lux. As a result, the
masses of particle f luxes in the case of one and two
shock waves incident on lead liners, which melt under
these loading conditions, are close to each other.

4. CONCLUSIONS

The study of particle ejection from the free surface
of the samples with the roughness Rz20 exposed to
Table 1. Averaged particle f lux masses per unit surface mea-
sured by X-ray diffraction and piezoelectric methods

Material Number 
of shock waves

Roughness
, μm m, mg/cm2

Copper 1 [23] 20/150 12.5 ± 1.9

2 15/150 0.7 ± 0.3

Lead 1 [23] 18/150 25.0 ± 3.8

2 20/120 26.5 ± 4.0

α λ2 /
two successive shock waves with amplitudes of 46 and
67 GPa (for copper) and 39 and 59 GPa (for lead) sep-
arated in time by ~0.2–0.3 μs gives the following
results.

 The qualitative picture of shock-induced dusting,
as well as in the case of the incidence of one shock
wave, is determined by the strength or the phase state
of the material and is characterized by the ejection of
the particle f lux and micro-spall fragments if the
material (copper) does not melt and by the ejection of
jet f lows with their subsequent decay into micro-
particles if the material (lead) melts under shock
compression.

 The incidence of the second shock wave on the
free surface results in the additional particle ejection if
the material of the liner has a low strength (lead melts)
and does not lead to a noticeable additional particle
ejection if the material has a high strength (copper
does not melt).

 The velocities of the particle f lux front from cop-
per and lead liners are 3.8 and 3.6 km/s, respectively,
and are determined by the incidence of the first and
second shock waves on the free surface, respectively.

 The particle f lux mass per unit surface decreases
from  mg/cm2 to  mg/cm2 for
copper liners because of the capture of ejected spall
fragments and particles from the free surface acceler-
ated by the second shock wave and keeps an almost
unchanged value of  mg/cm2 for lead lin-
ers because of the additional ejection of particles on
the second shock wave and capture of slower particles
from the free surface.

�

�

�

�

±(12.5 1.5) ±(0.7 0.3)

±(26.0 4.0)
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