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Abstract: The mass distribution along a flow of microparticles is measured by methods of syn-
chrotron radiation generated by the VEPP-3 collider. The use of the soft spectrum of radia-
tion allows microparticle flows to be measured with a record-beating (minimum) specific density
(1 mg/cm?3). Simultaneous recording of microparticle flows by piezoelectric sensors offers a possi-

bility of comparisons and extension of results.
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INTRODUCTION

Investigations of shock wave loading of various ma-
terials revealed the effect known as particle ejection [1].
The essence of this phenomenon implies the formation
of a region (flow) of micro- and nanoparticles when a
strong shock wave reaches the free surface (FS). Spalling
fracture at the F'S boundary occurs under the action of
high (both tensile and compressive) stresses induced by
interaction of incident and reflected shock waves. The
situation is aggravated by the fact that the matter inter-
face (i.e., F'S) is not flat (there are roughness elements
ranging from 1 to 100 pm on this surface). Therefore,

“Lavrentyev Institute of Hydrodynamics, Siberian
Branch, Russian Academy of Sciences, Novosibirsk, 630090
Russia; ten@hydro.nsc.ru.

*Institute of Experimental Physics (VNIIEF),
Russian Federal Nuclear Center, Sarov,
607188 Russia.

“Budker Institute of Nuclear Physics, Siberian Branch,
Russian Academy of Sciences, Novosibirsk, 630090 Russia.

dInstitute of Solid State Chemistry and Mechanochemistry,
Siberian Branch, Russian Academy of Sciences,
Novosibirsk, 630158 Russia.

¢Novosibirsk State University, Novosibirsk, 630090 Russia.

the dynamics of a cloud of microparticles of the disperse
phase of matter in high-speed gas-dynamic processes is
a complicated problem from both scientific and engi-
neering viewpoints.

The first investigations of these processes were
started at the Institute of Experimental Physics in
the 1960s, but the first results were published only in
1998 [2]. Later on, such investigations were performed
at the Institute of Experimental Physics [1-4] and Los
Alamos National Laboratory [5-8]. It was found that
the flow of microparticles from the cloud is significantly
affected by the FS roughness and the ejected mass is
proportional to the roughness amplitude (Rz). Today
this phenomenon is still not adequately studied, and the
experimental techniques are far from being perfect.

In recent years, the interest to the particle ejec-
tion phenomenon was revived [1] owing to qualitative
improvement of experimental techniques, such as laser
methods [5, 6, 9-11], optical methods [4, 6], measure-
ments by piezoelectric sensors [12, 13], and x-ray diffrac-
tion analysis [1, 14]. In addition, principally new meth-
ods of research with the use of high-energy accelerators
were developed: proton beams [15] and synchrotron ra-
diation [16-18]. The increasing interest to particle ejec-
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tion is also closely related to the influence of dust ejec-
tion from the FS on the measurements of its dynamics
by shadowgraphy, electric contact and laser methods;
moreover, this phenomenon plays an important role in
some physical processes, for example, in inertial ther-
monuclear fusion with plasma confinement [19].

In one group of studies of the particle ejection pro-
cess, it is assumed that the main source of the dust
cloud is the development of the Richtmyer—Meshkov in-
stability in the metal (or liquid). Periodic perturbations
of various amplitudes are applied to the FS in experi-
ments [1, 20-23]. The goal of such activities is to find
the effects of perturbations on the metal surface and the
amplitude and shape of the shock wave on the distribu-
tion of the density of matter ejected into the ambient
space, the mass of this matter, the particle velocity, and
the particle size distribution.

One of the promising directions of studying the
disperse phase dynamics in high-speed processes is de-
tection of particle motion by the method of hetero-
dyne laser interferometry or photon Doppler velocime-
try (PDV); however, interpretation of recorded data is
rather difficult at the moment. To facilitate the data in-
terpretation, it is possible to measure flows of particles
whose size, mass, and shape factor are known. In such
experiments, a layer of calibrated particles is deposited
onto the FS of the flyer plate, followed by shock wave
loading of the plate and acceleration of disperse phase
particles. Comparisons of experimental data with nu-
merical predictions allow one to verify the validity of
numerical models and to obtain data on the dynamics
of motion of particles with known parameters. These
data can be compared with the results measured dur-
ing the process of particle ejection, where the particle
parameters are not known in advance [24].

The majority of experimental investigations are
aimed at studying the influence of the shape and size
of periodic inhomogeneities (pits or grooves) on the
metal surface on particle ejection [25-27]. The exist-
ing methods of particle detection (optical, XRD, and
laser methods) allow determination of the maximum
particle velocity and particle momentum (piezoelectric
sensors) and microparticle size (optical and holographic
sensors [11]). The greatest problem in all methods is
to determine the mass distribution along the particle
flow (especially in the field of low densities from 1 to
100 mg/cm3).

In the present work, the particle flow from the
metal FS was measured with the use of synchrotron
radiation (SR) generated by the VEPP-3 accelera-
tor developed at the Budker Institute of Nuclear
Physics, Siberian Branch, Russian Academy of Sciences
(Novosibirsk) [28]. Synchrotron radiation generated by

VEPP-3 has a soft x-ray spectrum (8-30 keV), identical
short pulses (shorter than 1 ns), and small divergence
(less than 0.5 mrad), which ensures detection of par-
ticle flows with very low densities [29, 30]. The high
repeatability of SR pulses ensures accurate calibration
of the DIMEX detector before and after the explosion
experiment [31, 32]. The high accuracy of detector cal-
ibration makes it possible to determine the distribution
of the specific mass of the particle flow along the trajec-
tory of particle motion. The microparticle flow with the
use of SR was visualized simultaneously with measure-
ments performed by piezoelectric sensors. Piezoelectric
sensors found many applications owing to the simplicity
of obtaining information on dynamic flows of micropar-
ticles [12]. The main drawback of this method is the
problem of dynamic calibration of piezoelectric sensors.
It is desirable to use these sensors together with other
methods, which allow one to estimate the particle mass
and flow velocity. Synchrotron radiation is an ideal sup-
plement to piezoelectric sensors. Comparing the data
on the microparticle flow (velocity and particle mass)
with the signal detected by the piezoelectric sensor, one
can perform independent calibration of sensor readings.
We studied flows of microparticles from grooves
(roughness elements) 6-60 pm on the tin surface. The
mass distributions along the microparticle flow obtained
in the study are found to be in good agreement with the
calculations performed at the Institute of Experimental
Physics [1, 14]. These data are needed for numerical
simulation of the particle ejection processes.

ARRANGEMENT OF EXPERIMENTS

The experiments were performed at the station en-
titled “Extreme state of matter” at the VEPP-3 collider.
The electron energy was 2 GeV, and the SR spectrum
of a three-pole wiggler was in the interval from 8 to
30 keV [28, 30]. Synchrotron radiation was formed by
a collimator shaped as a band 20 mm wide and 0.2 mm
high. The position of the F'S of the tin disk with grooves
and the detector with respect to the SR beam is shown
in Fig. 1. The disk accelerated by an explosion moves
along the DIMEX detector [31], across the SR beam.
The recording part of the detector consists of channels
with the size 0.1 x 1.0 x 30 mm (width, height, and
depth, respectively). There are 512 channels in the de-
tector, i.e., the recording zone length is 51 mm, and
the linear resolution is 0.1 mm. Copper foil 15, 30, and
50 pm was used for calibration. In the experiments, the
DIMEX detector measured the distribution of transmit-
ted SR, which was used as a basis for calculating the
distribution of the linear mass (amount of matter along
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Fig. 1. Positions of the specimen, detector, and SR
plane in experiments aimed at longitudinal registra-
tion of the mass distribution of the microparticle
flow: (1) intermediate HE charge; (2) explosive lens;
(3) main HE charge; (4) examined specimen (tin

disk); (5) DIMEX detector; (6) detector channels;
(7) piezoelectric sensor.

Fig. 2. General view of the experimental setup for shock
loading of the specimen with the use of SR: (1) HE
charge; (2) tin plate; (3) piezoelectric sensor.

the SR beam pd [g - cm?]) along the detector. The linear
mass distribution (512 channels, which form one frame)
was recorded with a step of 0.5 us and exposure time of
1 ns. The DIMEX detector can write down 32 frames.
A photograph of the experimental setup is shown
in Fig. 2. The tin disk was accelerated by an explosion
of a pressed HMX pellet 20 mm in diameter and 20 mm
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Fig. 3. Profile of grooves on the free surface.

long. The charge was initiated by an explosive lens via
an intermediate HMX charge. The total mass of the HE
assembly (together with the detonator) was within 12 g.
The explosive setup was placed into a chamber, which
was evacuated before the experiment to a pressure of
0.01 atm. Some of the experiments were performed at
the atmospheric initial pressure. In all experiments, the
detector and the oscillograph recording the piezoelectric
sensor signal were triggered by a wire transducer located
in the explosive lens. The piezoelectric sensor 7 [12]
recorded the pressure of the impinging dusty flow. The
sensor (with the tip diameter of 5 mm) was located at
a distance H = 18, 28, or 62 mm from the FS (see the
table).

The FS of the tin specimen was milled to apply sur-
face roughness, which was varied from one experiment
to another. The rough surface was formed by grooves
of depth A aligned with a step A. Figure 3 shows the
measured profile of the grooves on the specimen. The
roughness area was a band of width L, whereas the re-
maining part of the FS was polished. The thickness of
all tin specimens was 3 mm, and their diameter was
20 mm. The groove parameters A, A, and L used in the
present experiments are summarized in the table.

As the length of the SR detection region (/=20 mm)
in some experiments was smaller than the distance from
the FS to the piezoelectric sensor, the experiments were
arranged in two ways. In variant 1, the detector regis-
tered the initial F'S motion, dust cloud formation, and
time instant of the impact (interaction of the dust cloud
with the piezoelectric sensor). In variant 2 (with large
distances from the sensor), the field of vision of the de-
tector captured either the initial stage of dust cloud
formation, or the instant of the impact onto the piezo-
electric sensor.
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Initial data in experiments

F'S profile parameters
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Fig. 4. Record of the normalized SR intensity in the
first frames taken by the detector (the frame numbers
correspond to the number of microseconds after the

beginning of disk motion).

EXPERIMENTAL RESULTS

The results for two variants of experimental ar-
rangement are described below.

Variant 1 (Rz =6 um, Ag/\/L = 6/50/20)

In these experiments, the frames in the detector
(one frame means registration of the distribution of
transmitted radiation in the flow motion direction) were
taken with an interval of 1 us; therefore, for a con-
venient presentation of the oscillograms and detector
frames, the frame numbers correspond to the number
of microseconds from the beginning of FS (disk) mo-
tion. Figure 4 shows the record of the DIMEX detector
signal, where frame No. 17 is chosen as a zero time in-
stant [the FS (disk) motion starts in this frame]. This
frame is denoted by ¢t = 0. Correspondingly, the begin-
ning of signal growth (¢ = 4.8 us) on the oscillogram
(Fig. 5) is counted from the same time instant.

Figure 6 shows the X—t diagram of the flow and FS
(disk) positions (the time is counted from the beginning
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Fig. 5. Oscillogram of the signal recorded by the
piezoelectric sensor (the time is counted from the
beginning of disk motion).

of disk motion). The X coordinate is counted from the
initial FS (disk) position. The piezoelectric sensor is
located at a distance of 18 mm from the disk. The initial
velocities of the particle flow and the disk are 3.86 and
2.8 km/s, which agrees well with the predicted data.
The flow of the dust cloud (jet) reaches the sensor at
the 5th microsecond, which is consistent with the sensor
reading on the oscillogram (see Fig. 5).

Figure 7 shows the distribution of the linear mass at
the first microseconds after the beginning of FS motion.
Detector absorption was calibrated on copper foil and
recalculated for tin. The visible mass distribution is

nonuniform and time-dependent.
Variant 2 (Rz = 60 pm, Ag/A/L = 60/250/5)

The sensor is located at a distance of 28 mm from
the FS. The jet reaches the sensor in 7 us, while the FS
reached the sensor in 11 us, which coincides with the
oscillogram in Fig. 8. The sensor started to write the
signal in 6.8 us. Further, after 4.0 us, the signal exhibits
a drastic increase. Here the time is also counted from

the beginning of FS (disk) motion.
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Fig. 6. Calculated positions of the disk, jet, and
sensor [X is the distance counted from the initial
position of the disk (FS)].
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Fig. 7. Distribution of the specific mass on the SR
beam in time.

Figure 9 shows the frames taken by the DIMEX
detector: normalized distributions of transmitted SR.
At the time t = 7 us, the jet reaches the piezoelectric
sensor, and the disk impinges on the sensor at t = 11 us.
The Xt diagram of the jet and FS (disk) positions is
shown in Fig. 10.

Joint recording of the piezoelectric sensor and x-
ray radiography allowed us to obtain the distribution of
the jet mass at the time instants ¢ = 7 us (when the
jet reaches the sensor) and ¢ = 11 us (at the instant of
the F'S impact onto the sensor). They are presented in
Fig. 11 together with the calculation errors (thin lines).
The limit of measurement calibration is also indicated.
The total mass of the jet (from 18 to 28 mm in Fig. 11)

is 5.6 mg/cm?, which agrees with the data of [14] (3.9-
8 mg/cm?).
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Fig. 8. Oscillogram of the signal recorded by the
piezoelectric sensor.
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Fig. 9. Distributions of the normalized transmitted
radiation at the time instants ¢ = 6, 7, 8, 10, and

11 ps (the piezoelectric sensor is located at 28 mm
from the FS).

DISCUSSION

The possibility of using SR for studying the flow
of microparticles from large (more than 200 pm) rough-
ness elements on a copper surface was described for the
first time in [16]. Experimental data on a dust cloud
ejected from shock-loaded lead with the roughness Rz =
5-60 um were reported in [14]. The x-ray pictures were
taken along the grooves on the specimen surface (the
specimen length was approximately 10 cm). The shapes
of the mass distributions along the jet obtained in [14]
coincide with the distributions of the present work. The
use of SR generated by VEPP-3 allowed us to measure
the mass distributions of the particle flow along its mo-
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Fig. 10. Positions of the jet and FS (disk) in time.
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Fig. 11. Distributions of the specific mass of the jet
before its impact onto the sensor at the time instants
of 6, 7, 11, and 12 us (the sensor is located at 28 mm
from the FS).

tion within 5% up to the density of 1 mg/cm® The
frame-by-frame photographs (see Fig. 7) of the particle
flow reveal the deformations of the density distributions
along the jet at different times (¢t = 1, 2, and 3 us). The
PDV measurement of the jet head velocity [9, 10] shows
that it decreases after the first 24 us. In accordance
with our measurements (see Figs. 6 and 10), the jet
velocity is almost constant.

The mathematical modeling of the particle ejection
process was performed at the Institute of Experimen-
tal Physics. The calculations included the shock wave
profile in the specimen, the FS velocity (2.72 km/s),
and the velocity of the particle cloud front in vacuum
(3.25 km/s). The measured values of the FS velocity
coincide with the numerical predictions; the jet velocity

pd, g/om?
10 ‘
t=1us

1

0.1
——
2.7 2.8 2.9 3.0 3.1 3.2
X, mm

Fig. 12. Calculated distribution of the specific mass
in the particle cloud at the time instant t = 1 us.
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Fig. 13. Measured distribution of the specific mass
on the SR beam in 1 us after the beginning of FS
motion.

(3.8 km/s) turned out to be slightly greater than the
predicted value (3.25 km/s). A possible reason for this
difference is the fact that the computations were per-
formed for Rz = 50 pum, whereas the experiments were
performed for Rz = 60 pm.

The calculated mass distribution is shown in
Fig. 12; it agrees well with the measured distribu-
tion (Fig. 13). The predicted total ejected mass
(8.55 mg/cm? [22]) is slightly greater than the measured
value (5.6 mg/cm?). This difference can be attributed
to the curved shape of the frontal surface of the dust
cloud.

Figure 14 shows the mass distributions measured
by the piezoelectric sensor and SR detector. These
distributions almost coincide in the interval from



0.1 /
O T T T T \“ T T T T T
10 12 14 16 18 20 22 24 26 28 30 32
X, mm
Detector Sensor
C23 (1) 4.8 us (1)
C24 (2 58 us (2))
C25 (3) 6.8 us (3)
C26 (4) 78 us )
C27 (5) 8.8 us (5
C28 (6) 9.8 us (67
C29 (7) 10.8 us (77)

Fig. 14. Comparison of the specific densities of the jet
measured by the piezoelectric sensor and SR detector.

0.02 to 0.2 g/cm3. This fact confirms the validity of
the assumption of self-similarity of motion of micropar-
ticle flows in vacuum, which is used in the piezoelectric
method [12]. Based on the data of Fig. 13, one can
more exactly calculate the momentum of particles im-
parted to the piezoelectric sensor. The resultant den-
sity distributions allow more precise calibration of the
piezoelectric sensor readings and, thus, more accurate
measurements of the mass and momentum of the parti-
cle flow in a wider range.

To increase the measurement accuracy, it is possi-
ble to increase the frame frequency of the detector (the
VEPP-3 collider can generate SR pulses in 124 ns) and
take pictures from different directions. The higher SR
intensity also allows one to measure small-angle scatter-
ing on dust particles, which was demonstrated in [17].

CONCLUSIONS

Experiments on simultaneous registration of the
microparticle flow position and density distribution
with the use of synchrotron radiation and piezoelectric
sensors are performed.

1. The distribution of the specific mass along
the flow of microparticles with a specific mass from
1 mg/cm? is recorded. The distribution is nonuniform,
but is consistent on the average with the calculations
performed at the Institute of Experimental Physics.

Ten et al.

2. The positions of the free surface and jet are
measured as functions of time; the dynamics of their
velocities is obtained.

3. The distributions of the specific mass along the
jet before the impact onto the piezoelectric sensor are
obtained. The piezoelectric sensors can be calibrated at
extremely low density of microparticle flows.

This work was supported by the Russian Founda-
tion for Basic Research (Grant No. 16-29-01050).
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