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ABSTRACT

The interaction of shock waves with non-planar free surfaces can cause atoms to eject from the surface, leading to the formation of ejecta.
These non-planarities in the free surface can occur due to machining of the free surface or can be induced in the shock wave itself due to
the presence of heterogeneities in the material. Both cases lead to the formation of ejecta. While the effect of machining on ejecta has been
well studied, the latter has not been a topic of significant investigations. In this work, molecular dynamics simulations are used to systemati-
cally investigate the effect of size and concentration of He bubbles in Cu with planar free surfaces on ejecta production. It is shown that the
presence of defects leads to the formation of non-planarity in the shock wave itself producing ejecta as the front reaches the flat free surface.
The cluster size and velocity of ejected particles greatly exceeds that of pure Cu; the radius, density, and nature of the helium-filled voids

alter the mass, velocity, and size distribution of the ejected matter.

https://doi.org/10.1063/5.0056581

INTRODUCTION

The formation of ejecta is a special case of the Richtmyer-
Meshkov instability (RMI), occurring when a shock wave interacts
with a non-flat free surface of a material generated by, for example,
machining. In general, to study ejecta formation as a function of
this machine finish, perturbations of varying amplitude and wave-
length are machined onto the surface of the materials. These per-
turbations invert and grow into finger-like jets when a shock front
reaches the free surface.'™ The total amount of ejected mass has
been linked to the volume of surface defects, shape of the shock
wave, and the state of the material on release (solid or liquid).
Andriot et al.* studied the effect of surface finish on tantalum (Ta)
and tin (Sn) and showed that the presence of grooves on the surfa-
ces led to higher ejected mass in comparison to polished surfaces.
The specific roughness of the machined grooves had the most
effect on total ejected mass, even for materials like Sn. A work by
Zellner et al.” studied the effect of surfaces prepared with different
processes and final finishes for aluminum 1100 and Sn, showing a
similar sensitivity of total ejected mass and density distribution of
ejected fragments to the final finish. This has also been confirmed
by several molecular dynamics (MD) simulations suggesting that

roughness is the determining factor in ejecta production.’”

All studies consistently agree that for a given surface finish, the
maximum amount of ejecta is produced when the material is in the
liquid rather than the solid state. The work by Asay'’ showed that
Pb, which melts at a lower stress, produced a significantly higher
amount of ejected mass as compared to Al

While most of these studies were performed in single phase
materials with no heterogeneities, there are studies that showed an
effect of heterogeneities such as voids and inclusions on total ejecta
produced in the solid phase of a material.*'""'* Specifically,
Andriot et al.” investigated the effect of density inhomogeneities by
using SnPb with 14 and 38 wt. % Pb and showed that, at the same
peak pressure, the amount of ejected mass significantly increased
as the wt. % of Pb increased. This difference was attributed to the
impedance mismatch between pure Sn and the SnPb eutectic, in
particular, because the microstructure of the SnPb alloy consisted
of pure Sn grains included in a eutectic SnPb matrix of higher
density." This work was also extended to two CuPb alloys with 15
and 36 wt. % Pb. Again, an increase in ejected mass was observed
in comparison to pure copper but was attributed to melting of Pb
during the release stage.” In agreement with these previous studies,
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the work by Buttler et al.'” also investigated the effect of addition
of 1-2wt. % lead to copper on ejecta production. These results
showed that the addition of small amounts of lead caused a back-
ground ejected mass to form in CuPb.'” Li et al.'’ observed an
increase in ejecta production via molecular dynamics simulations
for copper containing helium bubbles, suggesting that the presence
of helium decreases both the Hugoniot elastic limit (HEL) and
threshold shock stress for ejecta formation, while Wu and Shao.'*
identified localized plasticity via shear dislocation loop emission
from helium bubbles embedded in aluminum as well as an
increased resistance to compression during one-dimensional
loading. Durand, Soulard, and co-workers'°™'? conducted system-
atic MD investigations on the formation of ejecta in copper and tin
through the introduction of a sinusoidal structure in the free
surface, initiating Richtmyer—-Meshkov instabilities. The amplitude
of the surface sinusoidal shape was varied. The formation of ejecta
volume distribution was expressed as a power function of the type
N(V) =V~ where N and V are the number and volume of ejected
particles, respectively. This cumulative distribution expresses the
number of particles with volumes smaller than V as a function of
V; the exponent o was found to be ~1.15. They also incorporated
the effect of phase transformations undergone by tin, as it affected
the formation of ejecta significantly. A recent study by Flanagan
et al” further showed that heterogeneities in the form of helium
bubbles can significantly increase the production of ejecta from
solid-phase materials. Specifically, Cu embedded with helium
bubbles near the free surface produced over twice the amount of
ejecta than pure copper and 56% more ejecta than copper embed-
ded with atomic helium.”” Initially, the increase in ejecta produc-
tion was attributed to a decrease in the dynamic melting point of
copper under shock loading, but this was not confirmed.”””’
Instead, it was suggested that the increase in ejecta was caused by
the formation of non-planarities in the shock front due to its inter-
action with heterogeneities, inducing internal instability formation
similar to the RMI phenomenon within the material.”’ This sug-
gested that altering the bubble size and concentration should alter
the total ejecta production.

Hence, the goal of this work is to determine the critical helium
bubble size and concentration required to alter solid ejecta production
via molecular dynamics simulations. By systematically varying the
concentration and bubble size individually, the nature of the non-
planarities generated in the shock front can be better understood.
Until experiments are fully capable of validating such trends, the sim-
ulations performed here provide novel insights as to why heterogene-
ities affect ejecta production, allowing for an improved understanding
of how heterogeneity size and shape change ejecta production.

METHODOLOGY

The role of helium bubble concentration and size on ejecta
production in single crystal (111) copper was investigated using
molecular dynamics simulations. MD allows for a systematic study
with control over the size and concentration of the helium bubbles
while also providing time-resolved data to elucidate the underlying
mechanisms behind ejecta production. Shock loading was per-
formed along the [111] direction since it is perpendicular to the
close-packed plane; previous studies of single crystal copper via
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MD simulations were performed along the [111] and [100] direc-
tions,” but further investigation found an anomaly in the shock
response in the [100] direction,” leaving [111] as the most favor-
able orientation for this study. This study was performed using the
scalable parallel short-range molecular dynamics (SPaSM) code™
and a splined embedded atom method (EAM) potential to model
interactions between atoms;”’ OVITO was used for analysis and
visualization.” Single crystal copper was oriented with the [112],
[110], and [111] crystallographic directions aligned with the x, v,
and z axes, respectively. The cell dimensions were
22 x 22 x 190 nm® for a total of 6.4 x 10° atoms. All simulation cells
had flat free surfaces to focus on the role of helium defects rather
than surface roughness.

Two parameters were changed in this study: average helium
bubble size and average atomic helium concentration. At a given
He concentration, the average bubble radius was normally distrib-
uted, using an average radius size of 1 nm (where the smallest
bubble radius was 0.5nm and the largest was 2.1 nm) and an
average radius size of 3nm (smallest bubble radius was 1.9 nm
and largest was 4.5 nm). Conversely, for each given average bubble
size, the total atomic helium concentration was changed from
1000 to 25000 atomic parts per million (appm). Varying the con-
centration paired with the bubble radius generates a field of
bubbles whose quantity is optimized via SPaSM to meet the speci-
fied atomic concentration and radius for each simulation. It is
important to note that the vacancy to He ratio is set to 1:1 (con-
trolling the internal pressure) along with the average size of the
bubbles. Hence, increasing the He concentration essentially
increased the number of He bubbles in the cells as shown in
Fig. 1. For example, for r=1nm, when the concentration of He
was increased from 12500 to 25000 appm, the number of He
bubbles increased from 18 to 35. The helium bubbles were contin-
uously dispersed from 1 nm below the free surface up to a depth
of 33 nm, which is consistent with the depth of helium bubbles in
experimental studies.”

After the material was created, a Nosé-Hoover isobaric—
isothermal ensemble (NPT) at pressure equal to 0 and 300 K was
used to equilibrate the system for 50 ps. Then, using a momentum
mirror”’ at particle velocities ranging from 2.0 to 4.5km/s, the
system was shocked along the (111) direction (z axis). A vacuum
region was added along the shock direction to observe ejecta pro-
duction, while the simulation cell was periodic in the x and y direc-
tions. A boundary was placed at a distance equal to the length of
the initial simulation cell along the shock direction at which all
copper atoms were counted as ejecta as they pass through. The
amount of copper ejecta counted at this boundary over time
increased linearly, until the free surface passed through, at which
point the simulations were considered to be finished. In order to
accurately compare these results with the experimental work, only
copper atoms were counted since helium atoms are too small for
current experimental diagnostics to count. OVITO was used to
identify clusters using a cutoff radius of 0.2825nm.”® The areal
density of the ejecta was calculated by first converting the number
of ejected atoms to ejected mass via the molar mass of copper and
dividing by the cross-sectional area normal to the shock direction
and then taking the quotient of this quantity with the cross-
sectional area normal to the shock direction.

J. Appl. Phys. 130, 075101 (2021); doi: 10.1063/5.0056581

130, 075101-2


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

(a)
[110]

[111]
(] Copper 12,500 appm 25,000 appm
@ Helium (b) (c)
r=1.0nm
(d) (e)
r=3.0nm

FIG. 1. Shock simulation initial configuration. (a) Perfect FCC single crystal
copper. Defects were configured into the 30.0 nm space near the free surface
as illustrated. (b) Free surface and defects of FCC single crystal implanted with
helium bubbles with an average radius of 1nm and a concentration of
12500 appm He. (c) Free surface and defects of FCC single crystal implanted
with helium bubbles with an average radius of 1nm and a concentration of
25000 appm He; note the increase in the number of bubbles in comparison
with (b). (d) Free surface and defects of FCC single crystal implanted with
helium bubbles with an average radius of 3nm and a concentration of
12500 appm He. (e) Free surface and defects of FCC single crystal implanted
with helium bubbles with an average radius of 3nm and a concentration of
12 500 appm He. Helium was implanted with a concentration of one helium per
copper vacancy, and samples were shocked along the [111] crystallographic
direction.

RESULTS AND DISCUSSION

Figure 2 shows the total ejected mass as a function helium
bubble size at varying particle velocities while the total helium
bubble concentration is held at 25000appm and the average
bubble size is altered. For pure copper and copper implanted with
interstitial atomic helium, negligible ejected mass is observed below
a particle velocity of 3 km/s. However, above this velocity, copper is
melted via shock loading and a sharp rise in ejecta production is
observed. In contrast, a steady increase in ejected mass is observed
in copper implanted with He bubbles of 1 and 3 nm average size
radius. This is interesting because in contrast to the pure copper or
copper with atomic helium, significant ejected mass is observed to
be produced from copper implanted with helium bubbles below
the particle velocity of 3 km/s, where copper remains a solid under
shock loading. Our previous work demonstrated that this increase
in mass could not be attributed to an early onset of the bulk
melting under shock loading”’ but was due to formation of non-
planarity in the shock wave itself. This previous hypothesis is sup-
ported by our current results showing that in the solid state, at
2.5 km/s, the addition of helium bubbles with an average radius of
3 nm results in a 20% increase in total ejected mass in comparison
to copper seeded with helium bubbles with an average radius of
1 nm. At 4.5km/s, where bulk shock melting is clearly observed,
the ejecta production from copper seeded with helium bubbles

Ejected mass (ug/cm?)

Ejected mass (Hg/cm?)
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0.7

Cu T T

Cu + He bubbles, r = 1 nm
Cu + He bubbles, r =3 nm
0.6 |-Cu+ He atoms

FIG. 2. Ejected mass, as a function of piston velocity for pure copper, copper
with interstitial helium, copper with helium bubbles averaging 1.0 nm radius, and
copper with helium bubbles averaging 3 nm radius. Note that the concentration
of all helium defects is 1.5 vol. % or ~25 000 appm.

0.7

Cu + He bubt;les, r=3nm

Cu + He bubbles, r =1 nm

Cu + atomic He

0.6 Cu + He bubbles, r = 3 nm
** I"Cu + He bubbles, r = 1 nm

Cu + atomic He

)

20000 25000

0 5000 10000 15000
Concentration (appm He)

FIG. 3. Ejected mass as a function of concentration for copper with interstitial
helium, copper with helium bubbles averaging 1.0 nm radius, and copper with
helium bubbles averaging 3 nm radius. Solid and filled data are for a piston veloc-
ity of 4.5 km/s, while dashed and hollow data are for a piston velocity of 2.5 km/s.
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with an average radius of 3nm is increased by more than 25%
compared to the case of helium bubbles averaging a radius of 1 nm.
This increase in mass can be attributed to enhanced non-planarity
in the shock front with increasing bubble radius due to the interac-
tion with these heterogeneities; increasing the bubble size essen-
tially increases the amplitude and wavelength of the non-planarity
in the shock wave, and the increase in this non-planarity has been
linked with an increased ejecta production.” It is important to note
that the non-planarity in the shock wave can be either due to the
surface finish or the presence of heterogeneities as shown by our
previous study. Hence, an increase in the ejected mass due to the
change in bubble size at the same helium concentration provides
support for our previous hypothesis.

In contrast, experiments have not shown a change in ejecta
production between pure Cu and He-implanted Cu® or Sn and
He-implanted Sn,” but the samples in these experimental studies
only contained 4000 and 8000 appm of helium as opposed to
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25000 appm He in the MD study. This lack of change in the mea-
sured ejected mass in experiments leads us to determine that
there must be a critical helium concentration that causes a mea-
surable increase in the ejected mass. Additional MD simulations
were performed with the same average bubble radius but
varying helium concentration. Figure 3 shows the ejected mass
as a function of helium concentration corresponding to intersti-
tial atomic helium, 1 and 3 nm helium bubbles when copper is
in solid state and melted under shock. In comparison to both
cases of helium bubbles, increasing the concentration of the
interstitial helium does not alter the ejected mass significantly at
particle velocities of 2.5km/s (solid state ejecta production) and
4.5km/s (liquid state ejecta production). At helium concentra-
tions of 2500 appm, helium bubbles of either size show a small
increase in ejected mass at 2.5 km/s. As the concentration of the
helium is increased, a steady increase in ejected mass is
observed in copper with helium bubbles regardless of their size.
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FIG. 4. Spatiotemporal profiles of the longitudinal stress during shock loading at a piston velocity of 2.5 km/s for (a) pure copper, (b), 12500 appm with 1 nm helium
bubbles, (c) 12 500 appm with 3 nm helium bubbles, (d) 25 000 appm with 1 nm helium bubbles, and (e) 25 000 appm with 3 nm helium bubbles.
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However, 3 nm helium bubbles consistently generate more ejecta
than 1 nm helium bubbles. For the 3 nm bubbles, as the helium
concentration is increased from 0 to 25000 appm, at a particle
velocity of 2.5km/s, the change in ejected mass is 8%, 12%,
15%, and 21%. In contrast, when the bubble size is 1 nm, at a
particle velocity of 2.5km/s, the change in ejected mass is 6%,
10%, 13%, and 19%. Although MD simulations measure an
increase in ejecta at 4000 appm, experiments on copper and
copper implanted with helium did not observe a notable
increase due to challenges with using lithium niobate (LN) pins
to measure the ejected mass.”” However, in the case of the
copper-helium experiment, ejecta was generated sooner and for
a longer time period, implying that higher amounts of ejecta
were being produced in copper with 4000 appm. The current
simulations support that, at 4000 appm, regardless of the bubble
size, only a 3% increase in the ejected mass should be observed,
a change that is difficult to measure with conventional diagnos-
tics such as LN pins and Asay foils. Hence, to measure changes
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in solid ejecta, the samples probably need to be implanted with
10 000 appm of helium or more.

As the particle velocity is increased to 4.5 km/s, for the bubble
size of 3nm, the ejected masses as compared to pure copper
increase by 15%, 15%, 40%, 44%, 57%, and 31% as the helium con-
centration is increased from 0 to 25000 appm. When the bubble
size is 1 nm, the increase in the ejected mass is lower. Specifically,
these increases are 0%, 12%, 28%, 35%, 53%, and 64% as the con-
centration is increased. These changes in a melted material (copper
or another metal) are sufficiently significant to be measurable with
conventional diagnostics. Ejecta experiments performed on Sn and
Sn-He implanted with up to 4000 appm at pRad,”’ where the
ejected mass was measured using radiography, did not show any
measurable difference in the total ejected mass, but in the case of
Sn, the morphology of the bubbles was not characterized. If most
of the helium was in atomic form in those experiments, there
would have been no experimentally measurable difference in ejecta
production. In the case of liquid metal, if the bubble sizes were
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FIG. 5. Spatiotemporal profiles of the longitudinal stress during shock loading at a piston velocity of 4.5 km/s for (a) pure copper, (b) 12500 appm with 1 nm helium
bubbles, (c) 12 500 appm with 3 nm helium bubbles, (d) 25 000 appm with 1 nm helium bubbles, and (e) 25 000 appm with 3 nm helium bubbles.
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(a)
r=1.0nm
12,500 appm

(d)

r=1.0nm
25,000 appm

(9)

r=3.0nm
12,500 appm

@)

r=3.0nm
25,000 appm

t=0ps t=22ps t=34ps Velocity

4.5 km/s 10.0 km/s

FIG. 6. Snapshots of the shock front as it reaches the rear surface. (a), (d), (g), and (j) show the initial defect schemes for snapshots taken at t=0. The middle and right-
hand side columns represent the configurations at 22 and 34 ps, respectively. All other parts are colored by velocity as indicated by the scale bar. The localized increases
in velocity correspond to the collapse of bubbles, which leads to the ejection of helium atoms.

between 1 and 3 nm, at 10 000 appm, a 13%-14% increase in the
ejected mass as compared to pristine metal would be observed.
Experiments in these regimes need to be performed to verify this
hypothesis.

While an increase in ejecta with bubble size and concentration
is observed, further analysis is performed to understand the mecha-
nisms behind these differences. Figures 4 and 5 illustrate the x-t
diagrams highlighting the spatiotemporal changes in the stress
along the shock direction as the shock wave moves through the
material and interacts with heterogeneities. Figure 4 was generated
for a particle velocity of 2.5 km/s, while Fig. 5 was created using a
particle velocity of 4.5km/s. Figures 4(b) and 5(b) show copper
containing 1 nm helium bubbles at a concentration of 12 500 appm
He, while Figs. 4(d) and 5(d) use the same size bubbles at a con-
centration of 25 000 appm. Similarly, Figs. 4(c) and 5(c) are gener-
ated from 3 nm helium bubbles at a concentration of 12 500 appm
He, while Figs. 4(e) and 5(e) use the same size bubbles at a concen-
tration of 25000 appm. Figures 4(a) and 5(a) correspond to pure
copper and show shock waves with a peak pressure of 160 and
400 GPa, respectively. Since there are no heterogeneities in this
pure copper case, no secondary reflections in the form of release
waves are generated at the interface of copper and helium bubbles.
When helium bubbles are present in the material, a reduction in
the peak shock stress within the shock front is observed due to the

Velocity

0 km/s 10.0 km/s

Velocity

[
0 km/s 10.0 km/s

FIG. 7. A schematic representation of the shock front moving through (a) a
small bubble and (b) a large bubble. The smaller bubble collapses via rapid flat-
tening while the larger bubble forms a high-velocity jet.
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interaction between the shock wave and the secondary release
waves generated at the interfaces of copper and helium. The secon-
dary reflections occur due to the fact that helium is much lower in
density than copper; when a shock wave reaches that interface, part
of it is reflected back as a release wave. If this release wave interacts
with another release wave, it can lead to the formation of voids
depending on the tensile stress generated. If this release wave inter-
acts with another shock wave, it simply lowers the peak stress asso-
ciated with the shock compression wave. This reduction
corresponds to the number and location of helium bubbles. A
higher number of helium bubbles increases the number of inter-
faces where secondary reflections can happen and hence the total
decrease in the peak stress. For example, in the case of Figs. 4(b),
4(c), 5(b), and 5(c), when the bubble radius is changed from 3 to
1 nm, at the same helium concentration, there are a higher number
of bubbles in the simulation cell as shown in Fig. 1. Hence, there
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are an increased number of interfaces for the generation of secon-
dary release waves. Since the bubbles are also distributed differently
due to change in the size, the secondary reflections start earlier at
approximately 150 vs 170 nm for the 1 vs 3 nm bubbles, respec-
tively. As the helium concentration is increased, this leads to an
overall increase in the number of helium bubbles at a given size (as
demonstrated in Fig. 1), and a higher decrease in the peak pressure
of the shock wave is observed with increasing helium concentration
as shown in Figs. 4(b) and 4(d) and Figs. 4(c) and 4(e). This
should have reduced the amount of ejected mass with helium con-
centration, but as shown in Fig. 3, the ejected mass increases with
the concentration.

To understand the increase in ejecta despite the decrease in
pressure, further analysis is performed as shown in Fig. 6. When
the shock front reaches a helium bubble, part of it gets reflected
back as a release wave, and the rest continues to travel through the
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cell compressing the helium bubbles. Depending on the bubble
size, the shock can compress the helium bubbles in two ways: (1)
simple collapse of the bubbles and (2) the formation of a jet similar
to a shape charge that eventually leads to bubble collapse as illus-
trated in Fig. 7. The smaller size bubbles in general tend to
completely collapse by a flattening process [Fig. 7(a)], whereas the
larger bubbles form jets [Fig. 7(b)]. When the bubbles collapse,
energy is released into the system, causing the local velocity and
temperature to increase and release the helium atoms into bulk
copper, as shown in Fig. 6. The magnitude of the released energy
depends on the size of the bubble. This phenomenon related to
bubble collapse has been observed experimentally during the
recompaction of a spall plane where the collapse of the empty
voids led to an increase in the local temperature sufficiently high to

Cu-He Bubbles (r=1nm)

cause recrystallization.””> The collapse of the bubbles in a diffuse
manner distributes the energy into a larger volume and causes
ejecta to form that tends to be mostly monoatomic or smaller in
size (as will be discussed later). As the He bubble size is increased,
the collapse of the bubbles through the formation of jets leads to
ejecta production in the form of “fingers” more reminiscent of the
traditional RMI ejecta formation, which we observed in our previ-
ous work.” This leads to the formation of larger cluster fragments
of ejecta. It is important to note that in all cases, smaller and
larger bubbles are present since only the average size of the
bubbles was changed. When the bubble concentration is increased
within a certain volume, not only does it lead to an increase in
the number of bubbles but also the bubble size due to coalescence
of some bubbles. As a result, in this regime, both mechanisms
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FIG. 9. Velocity distribution (bars) for monoatomic (N =1) and diatomic (N =2) ejecta particles with a fit to average velocity (curves) shocked with a piston velocity of
4.5km/s.
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mentioned above can be active. Another feature worth noting in
Fig. 6 is that, along with the copper atoms (that are the only ones
counted as ejecta), profuse amounts of helium are also ejected
from the surface. Although helium easily moves through copper,
it likely also increases ejecta production through collisions with
copper atoms, leading to further increase in the velocity of the
atoms. This is exemplified in Figs. 6(b), 6(e), 6(h), and 6(k),
where the local velocity increases in copper reach beyond
10.0 km/s during bubble compaction. A similar bursting behavior
of helium bubbles near the free surface of copper has been
observed by Li et al."”

This hypothesis is further supported by ejecta cluster size and
velocity analysis at particle velocities of 4.5 km/s. Figure 8 shows
the ejecta velocity as a function of the ejecta cluster size. In the case
of pure copper, the majority of the ejecta clusters tend to consist of
10 copper atoms or less, with the larger clusters having a
reduced velocity, whose values tend toward the free surface velocity
[Fig. 8(a)]. In comparison, copper with helium bubbles of 1 nm
radius generates less ejecta particles with a maximum cluster size
400 particles, whereas copper with helium bubbles of 3 nm radius
(and the same helium concentration of 25000 appm) generates
more ejecta with a maximum cluster size of 3000 particles.
Similarly, increasing the concentration of helium for a fixed radius
leads to an increase in the maximum ejecta cluster size by ten
times. For example, copper with a helium concentration of
~12 500 appm [Figs. 8(b) and 8(c)] generates clusters that have an
order of magnitude less atoms and reduced free surface velocities
in comparison to copper containing an initial concentration of
~25000 appm He [Figs. 8(d) and 8(e)]. Thus, as both bubble size
and helium concentration increase, an increase in ejected mass and
ejecta cluster size is observed despite the decrease in shock pressure
during shock compression.

The increase in velocity is even more apparent when the anal-
ysis focuses on single atom and diatomic ejecta particles, as shown
in Fig. 9. Pure copper, compared to the four cases where initial
defect size and concentration are varied, clearly generates the least
amount of mono- and diatomic ejecta with much lower average
velocities. Focusing on a comparison between bubble sizes at
~12500appm He [Figs. 9(b) and 9(c)], copper with helium
bubbles having a radius of 3 nm produces ~33% more monoatomic
and diatomic ejecta as compared to copper with 1 nm bubbles.
However, the velocity associated with these monoatomic ejecta
clusters tends to be similar—11.91 + 1.24km/s for 1 nm bubbles
and 11.59 +1.26 km/s for the 3nm bubbles. This supports the
hypothesis that both the collapse and jetting mechanism are active
in both cases. These results are similar when the helium concentra-
tion is increased to 25 000 appm [Figs. 9(d) and 9(e)], with average
ejecta velocity of 11.2 +1.22 km/s vs 12.1 +1.09 km/s for the 1 and
3nm bubble cases, respectively. While the overall production of
ejecta is increased by ~80% for both bubble sizes when the helium
concentration is increased to 25000 appm (Fig. 3), both monoa-
tomic and diatomic ejecta production is nearly doubled between
these concentrations. The tendency of ejected mass to form clusters
is also mainly dependent on the concentration. Figure 10 compares
the number of ejecta clusters for pure copper, copper seeded with
25000 appm He in the form of interstitials, and He bubbles of
either 1 or 3nm in radius at concentrations of either 12500 or
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FIG. 10. Particle size distribution for simulations loaded via piston shock at a
velocity of 4.5 km/s. Lines represent power law fitting for preceding case listed
in the key.

25000 appm He. Each dataset was fit with a power law; power law
scaling of size distribution reflects the self-similarity of the jet
breakup, demonstrated in both copper and tin.'"'** As the inter-
nal defects increase in heterogeneity (i.e., size and concentration),
the power law exponent increases; pure copper and copper contain-
ing 25 000 appm He (3 nm radius) have the largest power law expo-
nent (o=-2.46) fit, followed by copper containing 25000 appm
He in the form of bubbles with average radius 1nm (-2.50),
copper containing 12 500 appm He in the form of bubbles with
average radius 1 nm (—2.56), and copper containing 12 500 appm
He in the form of bubbles with average radius 1 nm (—3.10). This
increasing trend aligns with power law fitting for past works on
materials with a surface perturbations, whose fitted exponents
approach o =—1.15.">'>"""*"° These results show that both the
helium bubble size and concentration significantly affect ejecta pro-
duction. Increasing the helium bubble size increases the total
ejected mass and also affects the morphology and size of the ejecta
produced. If the size is held constant and the concentration is
increased, similar results are observed.

CONCLUSIONS

Molecular dynamics simulations of ejecta production in
copper containing pre-existing helium bubbles with average radii of
either 1 or 3nm and helium concentration of up to 25000 appm
He were performed at a range of piston velocities along the [111]
direction in order to elucidate the role of such defects on the pro-
duction of ejecta. While past works have suggested that defects
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near the surface play a role in ejecta production, this work directly
quantifies the role of such defects near the free surface. The follow-
ing significant conclusions are reached:

o Ejecta production is more than doubled by the addition of
helium bubbles in comparison to pure copper. Increasing the
average radius of helium bubbles from 1 to 3 nm increases ejecta
production by 20%-25%, suggesting that larger bubbles increase
non-planarity in the shock front.

o The concentration of helium atoms within the material plays a
crucial role in the production of ejecta, but concentration must
be ~10000appm before a significant increase in ejecta is
expected to be observable experimentally.

o While peak shock stress decreases around helium bubbles,
ejected mass and cluster size increase as both concentration and
size of defects increase. This is related to the mechanism by
which helium bubbles are compacted, via collapse or jetting.

o These results demonstrate that there is a critical helium concen-
tration at which an increase in ejecta production should be
observable and are important in guiding experimental efforts
and in the design of future experiments.

o The volume distribution of ejected particles follows approxi-
mately the power function [N(V)=V~™% where N and V are the
number and volume of ejected particles, respectively] with an
exponent o (2.46-3) that is slightly higher than the original
Durand-Soulard value of 1.15 for a perturbed surface.
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