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a b s t r a c t 

The effect of He concentration and morphology on ejecta production is investigated via molecular dy- 

namics simulations. Identical He concentrations are inserted into Cu single crystals as interstitial atoms 

or bubbles near a flat free surface. The resulting ejecta is quantified through total mass, cluster size, and 

velocity of ejected particles. The presence of He increases total ejected mass as compared to pure Cu; 

He bubbles produce 56% more mass than atomic He. This increase is attributed to non-planarities in the 

shock front and reflected pulse due to He bubbles, akin to ejecta resulting from traditional Richtmeyer–

Meshkov instabilities. 
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When a planar shock wave of sufficient strength encounters

a free surface, it is reflected and eventually generates a tensile

pulse. In this process, a number of phenomena take place. The best

known is spalling, when the reflected pulse reaches a value greater

than the tensile strength of the material. Another less known phe-

nomenon is the ejection of matter from the free surface, producing

what is known as ejecta. The formation of ejecta was explored by

Asay and associates in the 1970s [1–3] and is a special case of the

Richtmeyer-Meshkov Instability (RMI) [4–6] . RMI occurs when the

shock front interacts with a roughened surface, causing the peaks

and valleys of the surface to invert when impacted, forming finger-

like jets that grow and may eventually break-up into smaller clus-

ters of atoms. Previous work reveals that the mass of total ejecta

produced is proportional to the surface roughness [2–4] , and mea-

surements of particle size distributions show a power-law scaling,

in agreement with percolation theory [7–9] . Theoretical and exper-

imental studies on crystalline metals have explored the role of sur-

face roughness, particle velocity, and crystalline phases but have

historically neglected material microstructure. This can mostly be

attributed to the fact that total ejected mass significantly increases

once the material melts while a negligible mass is usually pro-

duced in the solid state [1] . Few studies mention the importance

of heterogeneities such as voids or inclusions to ejecta production,

but even those that do mainly focus on the role of surface rough-
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ess and particle velocity [1,8,10,11] . As materials are developed for

se in extreme environments, where heterogeneities are formed

hrough sustained damage, understanding the role of microstruc-

ure in dynamic behavior and strength is crucial. 

Damage can form through countless processes such as irradia-

ion, which is known to produce vacancies, voids, and dislocations

hich lead to a degradation in the material properties [12–14] .

elium atoms can also be present in the microstructure, mostly

hrough radioactive decay, and can eventually coalesce into bub-

les due to the low solubility of helium in metals, including copper

15,16] . The presence of helium in crystalline materials has been

hown to cause embrittlement [14,17] , swelling [12,14,18–20] , and

ardening. The dynamic behavior, including ejecta production, of

elium-implanted materials has become of great interest [9,21–

4] since it has been shown that presence of helium may play an

mportant role in material strength [24] . 

This work investigates the effect of helium concentration and

ts morphology on ejecta production from single crystal 〈 111 〉 cop-

er using molecular dynamics (MD) simulations. This simulation

echnique not only allowed us to tailor the concentration and mor-

hology of the helium in a systematic manner but also provided

ime-resolved data to understand the appropriate mechanisms un-

erlying ejecta production. It is important to note that due to dif-

erences in both length and time scales between molecular dynam-

cs and experiments, it is inappropriate to quantitatively compare

ata from these simulations to experimental observations; rather,

he trends in the data should stay consistent. The simulations de-

cribed in this work provide insight into if and why heterogeneities
ss article under the CC BY-NC-ND license. 
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Fig. 1. Initial configuration of piston shock simulations. (a) Perfect FCC single crystal copper and (b) FCC single crystal implanted with helium bubbles are piston-shocked 

along the [111] direction. The helium bubbles are randomly distributed throughout the end of the sample with an average radius of 1 nm with 1 helium atom per copper 

vacancy. 
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re important for ejecta production but not for absolute quantita-

ive data. Experiments are currently underway to validate trends

bserved in these simulations. 

Simulations were performed using a splined EAM potential

rom Kashinath and Demkowicz [25] to model interactions be-

ween all atoms, which was implemented into the Scalable Par-

llel Short-range Molecular dynamics (SPaSM) code [26] . Results

ere analyzed using Ovito [27] . To solely focus on the effects of

elium concentration and morphology, a simulation cell of single

rystal copper oriented such that the [11 ̄2 ], [ 1 ̄1 0 ], and [111] crys-

allographic directions align along the x, y, and z axes respectively.

ll simulation cells had dimensions of 60 × 60 × 300 units lattice

1 unit lattice is 0.3615 nm), totaling 6.4 million atoms, and all sur-

aces were flat. This configuration allowed us to separate the ef-

ect of helium from machined perturbations on ejecta production.

o alter the concentration and morphology of the He bubbles, four

onfigurations of monocrystalline copper were investigated: 1) no

dded helium, 2) 1.5 vol% interstitial helium, 3) 1.5 vol% helium

ubbles, and 4) 1.5 vol% voids. Helium defects can reach up to

% concentration in metals [28] but defect concentrations of 5% or

reater have been shown to alter the equation of state measurably

29] , so the He concentration is limited to 1.5% atomic concentra-

ion. For cases 2–4, the defects were randomly implanted within

 region 33 nm from the free surface. The ratio of the region con-

aining defects to the region containing pure Cu is proportional to

elium-implanted metals studied experimentally ( < 10%) [28] . For

elium bubbles and voids, a random seed was used to achieve an

verage radius of 1 nm. Additionally, to control the pressure within

he bubbles, a 1–1 Cu-He substitution was performed. Examples of

he initial configurations are shown in Fig. 1 . 

Each simulation was equilibrated with a Nosé-Hoover isobaric-

sothermal ensemble (NPT) at 0 pressure and 300 K for 50 ps. The

ystem was then shocked along the < 111 > direction using a mo-

entum mirror [30] at a specified particle velocity. This orienta-

ion was selected for comparison to previously existing simulation

ata for pure, flat copper [9] . The particle velocity ranged from 2.0

o 4.5 km/s. The simulation cell is periodic in the x and y dimen-

ions and a large vacuum region is added along the shock direction

o allow for transport of ejecta atoms. A virtual boundary is placed

ownstream of the free surface at a distance equal to the initial
ength of the simulation cell in the shock direction. All copper

toms that cross this boundary are counted as ejecta. The number

f copper atoms passing through the boundary linearly increases

n time until the free surface reaches the boundary, at which point

he static boundary technique is no longer appropriate for evalu-

ting ejected quantities. The number of ejected atoms is converted

o ejected mass using the molar mass of copper; the areal density

s the quotient of the ejected mass and the cross-sectional area

f the simulation perpendicular to the shock direction. Only cop-

er atoms are counted as ejected mass since diagnostics such as

ithium niobite pins used to measure mass in RMI experiments are

nable to measure helium due to its low atomic mass. Cluster anal-

sis was performed using OVITO [28] with a cutoff of 0.2825 nm. 

Fig. 2 shows the total ejected mass as a function of particle ve-

ocity. Resulting areal density for pure copper in this work agrees

ith previous results of Germann et al. [9] , where the sharp rise in

otal ejected mass is linked to shock melting of copper. However,

ncreasing the concentration of atomic helium located within the

u lattice from 0 to 1.5 vol% triples the ejecta production when the

aterial is still in solid state. This solid ejected mass is altered fur-

her as a function of morphology while the concentration is held

onstant. Specifically, addition of 1.5 vol% helium bubbles increases

he total ejected mass by 2 orders of magnitude in comparison

o pure copper. This was surprising because it is well accepted

rom previous results [1] that negligible ejecta mass is produced

hen a material is in solid state. The observed increase in total

jected mass as a function of helium concentration also occurs

pon shock melting of copper. The origin for significant changes

n ejected mass seen in this study are attributed to either an alter-

tion of the equation of state or of the morphology of the shock

ront. 

To investigate the equation of state as a function of helium con-

entration and morphology, additional simulations with the Hugo-

iostat method [31] in LAMMPS [32] were performed using the

ame Cu-He interatomic potential. The Hugoniostat method is an

quilibrium molecular dynamics formulation which manipulates

eat flow and uniaxial strain rate to compress a material along the

pecified shock direction, satisfying conservation of mass, momen-

um, and energy throughout the system [31] . This method allows

or a computationally efficient calculation of a material’s equation
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Fig. 2. (a) Areal mass density of ejecta from Cu simulations performed at an initial temperature of 300 K along the < 111 > direction. The pure Cu case is in agreement with 

the pure Cu case from Germann, et al. while the helium and void implanted cases show an increase in ejecta. (b) The relationship between shock pressure and temperature 

in comparison to the pure Cu PT curve reveals that low concentrations of helium decrease the shock melt by 8% or less. 
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of state during shock. Simulations performed in this study used

a cell of 40 × 23 × 32 units lattice consisting of 703,991 atoms. To

isolate the effect of concentration from morphology, three types

of single crystal copper were modeled: 1) pure copper, 2) cop-

per seeded with 1% volume of helium in substitutional sites, 3)

and copper implanted with 1.5% bubbles, with an average radius

of 1 nm. All defects were randomly dispersed throughout the ma-

terial, not just on the surface. The results from these calculations

show that there is less than a 7.8% decrease change in the shock

melting point for copper implanted with helium bubbles and 5.6%

decrease in that of copper implanted with atomic helium as com-

pared to pure copper, shown in the inset of Fig. 2 . These results are

consistent with other studies, which show that a large percentage

of defects (5% or more) are needed to alter the equation of state of

a material in a measurable manner [25] . 

Since ejecta production is traditionally associated with the RMI

phenomenon, occurring when a shock front interacts with a rough-

ened surface, it was also hypothesized that in the case of cop-

per with a flat surface, heterogeneities can act as sources that can

cause the shock front to become non-planar, thus leading to an in-

crease in ejected mass. This would be akin to having the machine

“perturbations” underneath the free surface rather than on the free

surface. Hence, even with a flat surface, some ejected mass produc-

tion is expected. To test the validity of this hypothesis as the cause

for our observations of increased ejected mass as a function of He

concentration and morphology, additional analysis on the simula-

tions at a particle velocity of 4.5 km/s, where copper is melted. 

While pure copper and copper with atomic helium produced a

small amount of mainly atomic ejecta, copper with helium bubbles

produced “finger-like” ejecta whose morphology appeared to be

characteristic of RMI-induced ejecta despite the initial free surface

being flat. This seems to be consistent with the development of a

non-planar shock front due to the presence of helium bubbles. To

further understand the importance of helium bubbles, simulations

using empty voids rather than helium bubbles were performed.

Ejecta production from copper with voids not only produced the

highest total mass but also led to the formation of a chaotic
finger” like ejecta formation qualitatively similar to copper with

elium bubbles. The formation of ejecta in this work is related

o the fact that the helium bubbles, due to differences in shock

mpedance as compared to the rest of the material, alter the shock

elocity in their local vicinity. This causes a non-planarity to de-

elop in the shock front because of changes in the shock velocity

n the neighborhood of the helium bubbles. These “ripples” in the

hock front reach the free surface and create an effect similar to

he material having a rough surface. This is highlighted in the

ttached figure where variations in the position of the atoms

re shown due to the non-planar morphology of the shock front.

n addition to this variability, the shock wave compresses the

ubbles, causing internal jetting similar to a shape-charge like

henomenon [20] . These internal jets further contribute to ejected

ass from the surface. The formation of small jets suggests that

he presence of any heterogeneity with a lower/higher density,

ompared to the parent metal matrix, leads to the creation of a

on-planarity in the shock front whose magnitude is proportional

o the difference in density and size of the heterogeneity. 

The effect of this density difference on the morphology of the

hock front in all four cases is shown in Fig. 3 a. The differences in

elocities of the shock front, especially due t helium bubbles and

oids, indeed show the formation of larger non-planarities in the

hock front as compared to the copper with atomic helium. The lo-

al increase in velocity due to bubbles and voids is associated with

he collapse of these heterogeneities which not only contributes

ressure-volume work in the form of an increase in kinetic energy

o the system [33] but also forms internal jets similar to shaped

harges, as observed in Fig. 3 a. This internal jetting of material al-

ers the morphology of ejecta produced from the surface of copper,

hown in Fig. 3 b. This is also quantitatively observed in the cluster

ize analysis shown in Fig. 4 . 

The copper with helium bubbles shows an order-of-magnitude

ncrease in ejecta cluster sizes compared to pure copper; the

argest cluster has 500 atoms in comparison with 10 atoms. This

s consistent with the qualitative results shown in Fig. 3 b. Addi-

ionally, the velocity of the larger clusters tends towards the free
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Fig. 3. (a) At a particle of 4.5 km/s, the nonplanar shock front interacts with the free surface, leading to immediate jetting on the order of several nanometers and increased 

velocity due to the added kinetic energy from bubble collapse. (b) 10 ps later, the ejecta for the pure and atomic helium cases is quite small while the bubble and voids 

cases develop large clusters and finger-like jets, which are characteristic of traditional RMI studies. 

Fig. 4. Distribution of ejecta particle sizes for < 111 > Cu crystals shocked with u p = 4.5 km/s. (a) Cu implanted with interstitial He produces slightly more ejecta than for the 

pure Cu case, although the cluster sizes are similar. (b) Single crystal Cu with voids at the surface produces more ejecta than Cu implanted with He bubbles, but the bubbles 

produce the largest clusters. 
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surface velocity of the material, although the free surface veloc-

ity measured in pure copper (9.825 km/s) is noticeably lower than

in copper with helium bubbles (10.38 km/s) despite having the

same initial particle velocity. This is due to the collapse of bub-

bles, which does plastic work and imparts extra energy to the free

surface atoms. This difference in cluster size and velocity has im-

plications to the long-term evolution of ejecta, a topic that is not

discussed in the present study. 

To further highlight the differences in ejecta production, the to-

tal ejecta is subdivided into two specific categories: monoatomic

and multi-atomic. Our results show that monoatomic ejecta in

pure copper has an average velocity of 10.6 + /- 0.89 km/s while

monoatomic ejecta in copper with helium bubbles have an aver-

age velocity of 11.2 + /- 1.22 km/s. While the standard deviations of

these cases intersect, the increased mean and spread of the veloc-

ities in the latter case supports the idea that the kinetic energy

of these surface atoms increases as a result of pressure-volume

work done by bubble collapse during shock. Further analysis of

the number and size of ejecta clusters, shown in Fig. 4 , highlights

the difference in cluster sizes and their number as a function of

helium concentration and morphology. The configuration of he-

lium bubbles has a larger impact on the size of clusters generated

as mentioned above. Using a power law fit, percolation theory is

used to understand the difference in this behavior. Percolation the-

ory explains the tendency of objects to cluster with a power law

fit whose exponent indicates the dimensionality or other physical

mechanisms of clustering. In the present work, the difference in

exponents of the power law as a function of helium morphology

from 2.4 to 3.4 (as shown in Fig. 4 a and b) again suggests that the

addition of helium alters the mechanisms involved in ejecta pro-

duction. These results agree with results of Werdiger et al., who

also suggest that different mechanisms of ejecta production are re-

lated to different ejecta morphology. For example, hydrodynamic

instabilities are related to the jet-like structure in Sn ejecta while

microspalling contributes to the cloud-like ejecta observed in Al

[7] . In conclusion, our work shows a profound effect of hetero-

geneities on ejecta production and is a step in the right direction

to eventually understand and accurately predict ejected masses. 
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