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The study of high-velocity particle-laden flow interactions is of importance for the understanding
of a wide range of natural phenomena, ranging from planetary formation to cloud interactions.
Experimental observations of particle dynamics are sparse given the difficulty of generating high-
velocity flows of many particles. Ejecta microjets are micron-scale jets formed by strong shocks
interacting with imprinted surfaces to generate particle plumes traveling at several kilometers per
second. As such, the interaction of two ejecta microjets provides a novel experimental methodology
to study interacting particle streams. In this letter, we report the first time sequences of x-ray
radiography images of two interacting tin ejecta microjets taken on a platform designed for the
OMEGA EP laser. We observe that the microjets pass through each other unattenuated for the
case of 11.7+3.2 GPa shock pressures and jet velocities of 2.2£0.5 km/s, but show strong interaction
dynamics for 116.0+6.1 GPa shock pressures and jet velocities of 6.5+0.5 km/s. We find radiation-
hydrodynamic simulations of the experiments are able to capture many aspects of the collisional
behavior, such as the attenuation of jet velocity in the direction of propagation, but are unable to

match the full spread of the strongly-interacting cloud.

Interactions of high-velocity particle-laden flows are
an area of active research in fields that seek to under-
stand dynamics of pebble accretion in planetary forma-
tion [1-7], particle flow under turbulence [8-12], cloud
interaction dynamics [13-15], and chemically reactive
sprays [16, 17]. When particles travel at velocities ex-
ceeding several kilometers per second, collisions between
particles can impart enough energy to alter the material
state of the particles through collisional melting or vapor-
ization, in addition to altering flow-velocities and parti-
cle sizes due to particle agglomeration and break-up. As
such, interaction behavior of high-velocity particle flows
is difficult to predict and requires experimental data to
benchmark collisional models.

Thus far, experimental data on interactions of high-
velocity particle-laden flows are sparse due to the difficul-
ties in accelerating numerous counter-propagating parti-
cles at such velocities. Ejecta microjets form when a
shock breaks out from a free surface of a material that
has a micron-scale surface perturbation, such as a groove
or divot [18-26]. The perturbation inverts and can gen-
erate a micron-scale jet of material traveling at a velocity
of several kilometers per second. A simplified model of
jet evolution assumes that microjets break up through
secondary instability processes into ligaments and even-
tually into fine particles or droplets [27-29]. As a result,
the physics of particle-laden flow is often linked with the
physics of jet evolution and interactions of ejecta micro-
jets provide a novel experimental methodology to study
interactions of high-velocity particle flows.

While extensive work has been performed to under-
stand the properties governing microjet formation and
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evolution [24, 30—41], collisions of interacting ejecta mi-
crojets have largely been neglected by researchers. In this
letter, we present the first measurements of interaction
behavior between two high-velocity tin ejecta microjets
as captured through sequences of x-ray radiography im-
ages from experiments on the OMEGA EP laser [42].
We measure that ejecta microjets from a tin shock pres-
sure before release of 11.7 & 3.2 GPa travel at velocities
of 2.2 £ 0.5 km/s, while microjets from tin shocked at
116.0 + 6.1 GPa travel at 6.5 = 0.5 km/s. In addition,
the jets from the 116.0 GPa drive show volume fractions
of up to five times higher than those in the 11.7 GPa
case. We observe that jets from the lower drive pressure
pass through each other unattenuated, while jets from
the higher drive pressure show strong interaction dynam-
ics with the growth of a cloud centered around the inter-
action point. We perform simulations of particle collision
dynamics using a hard-sphere collisional model and are
unable to reproduce the spread of particles post-collision
observed in the high-pressure shock. The observed dis-
crepancies in the experimental data and the simulation
predictions point to material effects or spatial inhomo-
geneities not captured in the simulations.

Figure 1 (a) shows a schematic of the OMEGA EP
laser platform. The targets consist of two tin foils ori-
ented towards each other with an angle of 130° between
the target normals. The tin foils have grooves carved into
their interior surfaces, which traverse the entire foils and
are 45 pym deep with 60° opening angles. Figure 1(b)
shows a picture of the assembled targets. The tin foils,
which are 100 pm thick, have 30 pm thick plastic ablators
on their front surfaces in order to increase laser drive ef-
ficiency; both the plastic and the tin foils have horizontal
dimensions of 3.2 mm x 3.2 mm. Copper shields block
the intense ablation-plasma emission from reaching the
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FIG. 1. a) A schematic of the OMEGA EP laser platform used to drive tin microjets and collect x-ray radiography measurements
of the jet interactions. Two long-pulse lasers drive shocks into tin foils with grooves carved into their rear surfaces. A short-pulse
laser on a microwire target generates x-rays for the radiography measurement. b) A picture of the target indicating key elements
and dimensions. Tin steps of known thicknesses allow calibration of the radiography diagnostic for density reconstruction. The
shields are used to block the intense ablation-plasma emission from the radiography image plates. Masks are offset from the
inner surfaces of the tin samples to limit the region of the jet that propagates to the interaction point. c¢) Simulated spatial
variations of pressure at three time instances, highlighting the decay of shock pressure through the tin sample. Groove schematic
is overlaid on simulation results. d) and e) Two analyzed radiographs from drive pressures of 11.7 and 116.0 GPa, respectively.
The higher pressure drive results in densities that are five times higher than the lower pressure case.

image plate diagnostic. A series of tin steps with known
thicknesses on the target calibrates intensity on the im-
age plate to areal density for the radiography diagnostic
and a grid on the target quantifies scale and resolution.

Two long-pulse lasers impinge on the plastic ablators
with 8 ns square pulses of tunable energy, driving shock
waves into the tin. 1800 pm distributed phase plates are
used on the drive lasers, ensuring large regions of planar
drives on the targets. Figure 1(c) shows radiation hy-
drodynamics simulations performed using Ares [43] that
mimic the experimental drive conditions to model pres-
sure profiles within the tin foils at three different times
during shock propagation for the sample case of a 11.7
GPa shock before release. A side view schematic of the
groove to indicate dimensions is also overlaid on the plot.
We perform independent Velocity Interferometry System
for Any Reflector [44, 45] measurements on single foil tar-
gets to quantify the shock pressure as a function of laser
drive energy.

At a variable delay after the long-pulse laser turns on,
a 500 J, 100 ps short-pulse laser heats a 20 ym-diameter
titanium microwire, which generates a bright x-ray point
source and projects a radiograph onto a shielded Fuji
BAS-SR image plate placed within an OMEGA EP di-
agnostic port. The radiograph images along the axis
perpendicular to the flow of both planar microjets with
an image magnification of x29.0. Analysis of the ra-
diographs suggests the imaging resolution is limited to
20 pm, the diameter of the microwire. Bremsstrahlung
emission from the microwire dominates the spectral con-
tent of the x-rays, highlighting the importance of the tin
steps on the target for the calibration of image plate in-

tensity to x-ray attenuation.

In order to quantify density measurements, we mask
the inner surfaces of the tin with tantalum foils that are
offset by 400 pm. The masks have dimensions of 3.2 mm
x 1.1 mm x 125 pym and are oriented perpendicularly to
the groove direction. Pictures of the masks are shown in
Figure 1(b); for more details on the placement and per-
formance of the masks, see the Supplemental Material.
The masks limit the jetting material that reaches the di-
agnostic field of view such that the radiographs image
the jets through an optical path of 1.0 £ 0.1 mm.

Figures 1(d) and (e) show two analyzed radiographs
of interacting jets from masked targets with laser drives
of (d) 70 J and shock pressures of 11.7 GPa and laser
drives of (e) 1200 J and shock pressures of 116.0 GPa.
We observe densities of up to 30 and 150 mg cm™3 for
the cases of the lower drive and higher drive, respectively.
The density relates linearly to the packing density of par-
ticles within the jetting material, otherwise known as the
volume fraction. The microjet density we measure can be
described as p = ¥;m;/V, where ¥;m; is the sum of the
mass of all the particles ¢ contained within the jetting vol-
ume, V. Our radiographic uncertainties are larger than
the relevant thermal expansion, so we assume particles
at ambient density, pp = 7.31 g cm™3, and we can write
the density of the jet as p = poX;v;/V. By definition,
¥v;/V = p/po is the volume fraction of jets. The vol-
ume fractions in the microjets reach up to 0.3% for the
lower pressure drive and 1.5% for the higher pressure.
Due to limitations in x-ray source reconstruction and 3D
effects of the targets, we calculate up to 20% uncertainty
in our density reconstruction.



The images in Figures 1(d) and (e) hint at the differ-
ences in interaction behavior between the two pressures,
but the differences are most strikingly seen in the time se-
quences of images shown in Figure 2. The left side shows
jets driven by shock pressures of 11.7 GPa and the right
side shows jets driven by 116.0 GPa shocks. The indi-
cated times are referenced to the drive-laser turn-on. A
difference in jet velocity of 0.5 km/s is observed between
the left and right jets in the case of the lower-pressure
drive, which may be attributed to imaging alignment or
slightly different drive pressures (< 2.8 GPa) on each foil;
no difference in areal density is observed between the two
jets, suggesting the potential drive-difference does not re-
sult in altered jet compositions.

Analysis of the lower-pressure jets shows that the jets
pass through each other unattenuated, maintaining the
same velocity and density distributions. In comparison,
the jets emerging from the higher pressure shock generate
a cloud of material upon interaction, suggesting a higher
probability of particle collisions. Also shown at the bot-
tom of each sequence in Figure 2 are side-view images of
single sheets of jetting material, each from a single un-
masked target. The sheet view images demonstrate the
inhomogeneities from the laser-drive and the machining
of the grooves. All images of interacting jets from the
higher pressure drive are from masked targets, while the
lower pressure drive images are only masked in the image
shown in Figure 1(d) (700 ns). Such interaction dynamics
have never been observed before, and as such, offer im-
portant insights into the collisional behavior of microjets
as a function of volume fraction.

The jets also show different morphologies between the
two shock pressures. Tin is a material known to melt over
the pressure ranges explored in this experiment [46-49]
and the mechanisms of jet formation are known to vary as
a function of material phase [41]. The lower pressure jets
show two regions of different densities due to shock inter-
actions and spall-plane release [41]. The higher pressure
jets show regions of different widths, with higher-density
125 pm-thick bulbous regions leading the 50 pm-thick
bulk jetting portions. The bulbous feature is believed to
arise from a combination of material effects and the shape
of the groove, which is not a triangle, but a trapezoid
with an 8 um flat region at the vertex (see Supplemental
Material).

As part of these interaction studies, we aim to develop
predictive capabilities for microjet interaction behavior
for hydrodynamics simulations in Ares [43]. In principle,
we would like to use a single simulation to model shock
propagation through the sample, jet formation, material
breakup, and the subsequent interactions. However, hy-
drocodes may lack the necessary physics, such as surface
tension, to model jet breakup, and can struggle to main-
tain the necessary computational resolution. As such, we
are developing a multiphase particle-in-cell approach as a
more accurate reduced-order model of the post-breakup
material, decoupling the simulations of the initial jet for-
mation from the simulations of propagation and interac-
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FIG. 2. Two sequences of radiographs of interacting planar
tin ejecta microjets; the color scales with intensity on the
image plate. The sequence on the left shows interaction be-
tween microjets with velocities of 2.2 km/s driven by 11.7
GPa shocks, and the sequence on the right shows jets travel-
ing at 6.5 km/s from tin shocked at 116.0 GPa. A difference
in interaction behavior is observed. Also shown at the bottom
of the sequences are sample images of the side-views of single
unmasked planar jets.

tion, and we seek to understand the lowest-order model
that can capture the interaction behavior we observe.

The simulations solve the two-way coupled transport
equations for Lagrangian point particles in an Eulerian
carrier fluid [50]. The code geometry mimics the exper-
iment and injects teams of particles at experimentally-
measured volume fractions at the time of shock-breakout
from the tin. We assume a power-law distribution for the
particle sizes based on previously published work from
similar experimental geometries [25] and particle veloci-
ties distributed uniformly between a minimum and maxi-
mum value, tuned to match Ares hydrodynamics simula-
tions of the jetting material [41] and the experimentally



observed jet velocity. We set the jet width to the ob-
served width of the bulk of the jetting material (50 pm).

The particles interact via a hard-sphere collisional
model and treat collisions probabilistically, as described
in Reference [51]. Under this model, the probability of
collision between two computational particles ¢ and j in
a computational cell is given by

mws (r; + Tj)Q lui ;| At
Veell ’

P ;= (1)
where w; is the computational weight of the smaller par-
ticle derived from the particle size, r; is the radius of
particle 4, |u; ;| is the relative velocity between particles
i and j, At is the computational time step, and Vi is the
volume of the computational cell. If a collision occurs, a
distribution is sampled to determine the impact parame-
ter scaled by the radii of the two particles, B € [0, 1], and
velocities of both particles are altered according to the
scattering angle determined by B. Collisions are elastic
and particles never coalesce or break-up.

Simulations of two interacting microjets for the case of
a 11.7 GPa shock exhibit the same unattenuated behavior
that is observed in the experiments. Figure 3 shows sim-
ulated jet interactions from 116.0 GPa shocks. We char-
acterize the spread of the interaction cloud for both the
simulations and the data in the R~ and the S-directions,
as indicated in Figure 3(a). The spread along R corre-
sponds with the extent of the cloud from the center of the
interaction point in the direction of jet propagation and
assesses how much the jet slows in its original direction
of propagation. We also quantify the vertical extent of
the projection of the jets or cloud onto the center axis of
symmetry, or the spread in the S-direction. All spreads
are defined as the widths between a volume fraction cut-
off of 0.1% and are shown in Figures 3(b) and (c). The
hypothetical linear extents for unattenuated jets are de-
picted with orange dashed lines. For Figure 3(c), the two
points before interaction at 175 ns indicate the vertical
extent of a single jet in the bulk of the jetting material
(white point) and in the bulbous feature (black point).

As shown in Figure 3(b), the simulation captures the
observed behavior of the jet speed slowing from 6.5 km/s
to a velocity of 4.5 km/s after interaction; the collisions
between particles result in altered mass-velocity distri-
butions of the particles such that the particles travel in
many directions, generating a cloud. However, in the case
of the spread in S, Figure 3(c) shows that the observed
vertical extent of the cloud exceeds the spread predicted
by the simulations. Line-outs of the spread in both the R-
and S-directions for the data and simulations show simi-
lar qualitative characteristics, with higher density regions
at the center of interaction followed by densities taper-
ing with increased distance from the center. However,
the simulations show an up-to 30% higher density at the
center point of interaction, again suggesting that the sim-
ulations do not capture the full spread behavior.

The facts that the simulations assume the width of the
bulk jetting material and don’t capture the full extent of
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FIG. 3. High-pressure shock data and simulations for particle
spread. a) Density maps of the cloud for the data (left) and
simulations (right). Spread as measured along the R- and S-
directions is indicated for the case of the simulation. b) The
spread of the microjet cloud in the original direction of jet
propagation as measured from the center point of the interac-
tion, R~direction, as observed in simulations (blue solid line)
and experimentally (black data points). ¢) The projection of
jet extent vertical extent on the center axis of symmetry. The
points before collision indicate the vertical extent of a single
jet; the white point is the extent of the bulk of the jetting ma-
terial and the black point is the extent of small bulbous region
near the front of the jet. The dashed orange lines in (b) and
(c) represent the hypothetical linear extent of unattenuated
jets. The simulation appears to capture the behavior of the
spread in the R-direction, but there is a mismatch in overall
spread and post-collision velocity in the S-direction.

the cloud suggest that the increased width and density
of the bulbous feature may account for the mismatch
between observed and simulated spread. However, while
simulations that assume the width and density of the
bulbous feature do increase the extent of spread in S, they
don’t match the measured spread velocity of 4.0 km/s,
instead only reaching 2.4 km/s. In addition, simulations
that assume the width and density of the bulbous feature
under-predict the spread in R, again failing to capture the
observed interaction behavior.

One limitation of this collision model is that it as-
sumes the jets are comprised of particles that can be
described by hard spheres. While several experiments
have shown that micron-sized particles comprise micro-
jets, it is reasonable to think that the phases and parti-
cle sizes may differ between a 11.7 and 116.0 GPa shock



drive and that the resulting jets may behave differently
upon interaction. However, the phase of the jets is un-
known, as strain rates exceeding 1 x 107 s~! and plastic
work dissipation may lead to localized melting phenom-
ena or phase transition kinetics, and cooling may lead to
solid particles [52, 53]; in addition, hydrodynamics sim-
ulations suggest that jets generated by shock pressures
below which tin is known to melt may contain fractions
of melted material. Phase effects, as well as break-up
and conglomeration, may contribute to the observed dif-
ferences between the experiments and the simulations.
Another contributing factor could be inhomogeneities in
planarity of the jet.

More experiments are needed to understand both the
collision model deficiencies and the onset of interaction
behavior as a function of shock pressure. Increasing the
groove opening angle and depth can increase the jet den-
sity and speed, respectively, for a given shock pressure,
and sample materials that melt at higher temperatures
than tin would allow for increased jet density with in-
creasing shock pressure without increasing the fraction of
melted material in the jet. This would allow for compar-
isons of jet interactions at different densities and veloc-
ities without different material phases. Techniques such

as x-ray diffraction may be used to quantify melted mate-
rial fraction in the jets, and small angle x-ray scattering
or holography may be used to probe particle size distri-
butions; single-particle experiments are also proposed as
a way to quantify collision elasticity. While uncertainties
of the driving physics remain, these recent experiments
provide the first data on interacting ejecta microjet be-
havior and a novel methodology to observe the interac-
tions of high-velocity particle-laden flows, which opens
many more avenues for detailed study.
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