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U N C L A S S I F I E D 

General Outline 

n  A brief introduction as to why Molecular Dynamics over a 
hydrodynamic code. 

n  Prior molecular dynamics studies on copper looking at both sinusoidal 
and chevron shaped grooves. 

n  Present preliminary results on similar copper simulations looking the 
sinusoidal breakup of sheets. 

n  Examination of various non-sinusoidal shapes and comparing them 
with the ejecta model. 

n  Summary and Conclusions 
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Large-scale (>107-atom) molecular dynamics 
simulations provide insight into mechanisms 

n  EAM potential for Cu [A. F. Voter, PRB 57, 13985 (1998)] 

n  Quasi-2D geometry (periodic boundary conditions in lateral directions): 

 

 

n  The material properties such as surface tension and viscosity result from the 
potential. 
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To understand the inhibition of Richtmyer-Meshkov 
instability growth by material strength, we have focused 
on single-mode geometries 

n  Sinusoidal surface profile, with scaled amplitude  

n  An fcc lattice of atoms were oriented so that the shock wave was going 
down the <111> orientation. 
•  60 million atoms   
•  The dimensions of the simulated cell were 257 nm x 2.5 nm x 1100 nm 
•  A sinusoidal groove of varying amplitudes were “machined” ranging from 1-41 nm 
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The single shock copper Hugoniot and secondary 
shock Hugoniot provide a clear phase boundary line 
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n  Creation of a double 
shock 
•  Instantly change the 

momentum of the atoms 
impacting the wall as a factor 
of the first shock strength at 
some time delay. 

n  The mixed phase region 
for the single shock and 
double shocked state 
allow for the mapping of 
the phase boundary in 
copper. 
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Prior works by the O. Durant and L. Soulard (JAP 
111,044901 (2012) 

n  The MD simulation sizes were typically on the order of 88 nm (3 
wavelengths) x 88 nm x 176 nm (shock direction).   

n  Round trip transit times of the release waves provide short lived 
sustained shocks. 

n  Typical shock strength was a up of ~3.5 km/s. 

n  Breakup of the spikes and bubbles showed a large degree of 
atomization and short break up times. 
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solid-liquid phase change on shock or shock release, then the
amount of ejecta is estimated to eject up to ten times the
amount of ejecta predicted by the missing mass in the solid
state. A more microscopic description of the ejection process
postulates that ejecta production is the manifestation of the
growth and break-up of Richtmyer-Meshkov instabilities
(RMIs).15,17–19 Detailed calculation require then an accurate
knowledge and modeling of the effects of surface tension, vis-
cosity, and dynamic strength of the material in purely solid,
liquid, and mixed states to determine the particle properties.
This task is rather complex and needs further ongoing effort.

In order to complement these classical approaches and to
provide insight of the ejection phenomenon at sub-micron
length and sub-nanosecond timescales, atomistic approaches
based on MD simulations are very attractive and
promising.20–26 Since they are directly based on atomic
motion calculation, all the basic physical mechanisms are im-
plicitly taken into account (no modeling approximation), pro-
vided that the chosen interatomic potential reproduces well
the material behavior. Prior work has been published on MD
simulations of atomic scale ejecta from Cu and/or Al crystals
under shock loading without free surface defect (mirror-
smoothed free surface)20–22 and with free surface defects
(idealized sinusoidal or triangular groove or “realistic”
machining groove).23–26 They confirm that the surface rough-
ness is one of the determining factors in ejecta production.
However, either these studies do not reach timescales long
enough to observe jet breakup and ejecta formation23–25 or,
when ejecta formation has occurred, they do not provide in-
formation on the size distribution and shape of the particles.26

Moreover, these simulations are based only on NVE (micro-
canonical ensemble in which the total number N of particles,
the total volume V, and the total energy E of the system are
constant) computation. This technique is indeed the only one
to propagate a shock wave in the system and to describe non-
equilibrium processes like ejection. However, for a reliable
analysis of ejecta, a sufficiently representative number of
atoms is required and physical time must be long enough.
With NVE technique, the computation time may rapidly
become prohibitive for large scale systems (typically above
10! 106 atoms). The physical time of simulation is indeed
proportional to the time of propagation of the shock in the
system, therefore to the total number of atoms.

In this work, we propose a new method (hybrid method)
which allows to model and to analyze large scale (>108

atoms) shock-induced ejecta production by MD simulations
on reasonable times. A system containing 125! 106 atoms
of copper with sinusoidal surface defect is simulated over
1 ns, and the morphology and the size distribution of the
aggregates are studied at different times. They show that on
late times the ejected particles remain spherical and that their
size distribution exhibits a power law scaling that reflects a
self-similar behavior.

II. SIMULATION METHOD AND ANALYSIS TOOLS

A. Description of the system

Simulations are performed with STAMP code and
TERA-100 petaflopic computer of CEA. The material is a

[100] face-centered cubic crystal copper, with lattice con-
stant a0 of 3.54 Å. We use the embedded atom model (EAM)
potential function developed by Sutton and Chen27 with
the parameters of Belonoshko et al.28 This potential ensures
a good representation of both solid and liquid phases of
copper, although the lattice constant is somewhat underesti-
mated with regard to the experiment.22 Results are also
semi-quantitative but reliable from the point of view of
physics. A 3D system of 500! 250! 250 elementary cells
a0 (dimensions: 176 nm! 88 nm! 88 nm) containing about
125! 106 atoms in contact with vacuum is simulated with
4000 cores. The time step is 1 fs, ensuring a good conserva-
tion of the energy in NVE computation. Periodic conditions
are applied in the Oy and Oz directions while the shock prop-
agates in the Ox direction (free condition).

The surface defect is sinusoidal (3 arches) with ampli-
tude of 10 nm (see Fig. 1). The 3 arches of the sinusoid may
be considered as 3 times the same defect with slight different
initial conditions, leading to an improved statistics in the
analysis of the ejection. Indeed, the 3 defects are not strictly
equivalent since each velocity component of each atom is
distributed around its average value following a Maxwellian
distribution. Neighboring atoms may thus have slightly
different initial conditions.

B. Principle of the hybrid method

The system is divided in two zones, bulk and surface,
calculated with, respectively, Hugoniostat and NVE ensem-
bles as indicated in Fig. 1. The continuity across the 2 zones
is ensured by construction: at the interface, the atoms of each
zone are influenced by the neighboring atoms in the other
zone. The Hugoniostat technique resolves the equation of
motion in such a way that the system reaches the Hugoniot
equilibrium state in a short physical time by the mean of a
quasi-equilibrium MD simulation.29–31 We use the Hugonio-
stat method due to its ability to restore the structural proper-
ties of material under shock. Compared to NVE method, the
main advantage of this method is that the computation time
to obtain the thermodynamic properties corresponding to a
given shocked state is virtually independent on the number
of atoms and is relatively small (about 50 ps). It may

FIG. 1. (Color online) Description of the 125! 106 atoms system (500
a0! 250 a0! 250 a0). The Hugoniostat and NVE methods are applied in
zones 1 and 2, respectively.
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exhibits a single quite broad polydispersed distribution
described by a power law decay. The distribution progres-
sively changes and goes to a steady state for times above 90
ps, with two distinct polydisperse distributions in the small
and large size limits. Such behavior is in good agreement
with the distributions usually observed in simulations and
experiments of droplet growth processes with a source;39 it
implies the existence of two distinct mechanisms in the for-
mation of aggregates. At the very beginning of the ejection,
once the atoms near the surface have been ejected by the
incident shock wave, the nearest ones form first small aggre-
gates by nucleation and coalescence, leading to a single pol-
ydispersed size distribution with a much higher number of
very small size aggregates. As the time increases, these first
ejecta coalesce with surrounding atoms and form larger
aggregates. The size distribution results in a decrease of the
initial number of small aggregates and in an increase of the
number of aggregates in the larger size limit. The phenom-
enon tends toward a steady state since no new atoms are
ejected after the reflection of the shock wave onto the

FIG. 2. Side and oblique views of the onset of ejection (a) 15 ps, (b) 20 ps,
and (c) 30 ps after the beginning of the phenomenon. The atoms ejected
between the 3 jets tend to aggregate; the resulting aggregates are indicated
in black.

FIG. 3. (a) Oblique view of the whole system and (b) top view of a single
jet, 40 ps after the beginning of ejection. The aggregates between the jets are
indicated in black.

FIG. 4. (a) Oblique view of the whole system and (b) top view of a single
jet, 60 ps after the beginning of ejection. The aggregates between the jets are
indicated in black.

044901-4 O. Durand and L. Soulard J. Appl. Phys. 111, 044901 (2012)

Downloaded 05 Mar 2012 to 192.12.184.7. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

Simulations using 3 different wavelengths with a wide 
cross-section and a “long” shock direction length. 

n  The images presented here are late time nominally the same time after 
shock breakout from the bottom of the surface all with a kh0=0.5 at a 
up=2.5 km/s. 
•  Wavelength=30 nm, 60 nm, and 120 nm 
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U N C L A S S I F I E D 

Scaled Areal Mass densities are comparable yet the 30 
nm wavelength shows a recoil. 
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Bubble velocities for each of the wavelength and width 
combinations show pretty good agreement. 
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§ Late time decay in the bubble 
velocity is directly related to 
the release wave reaching the 
bubble interface. 

§ For the wider simulations 
there is good agreement with 
a small amount of noise at 
early times. 

§ The narrow simulation at 
early times shows some 
fluctuations in the bubble 
velocity. 
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Spike velocities show a decay which could be related to 
viscosity or surface tension effects. 
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§ The longest wavelength yet narrow 
simulation shows a slight decay in 
the velocity as a function of time yet 
is around 7 nm/ps or approximately 
2 nm/ps greater than the free 
surface velocity. 

§ All the other simulations show 
variable decays as a function of 
wavelength in spite of the same 
value for the kh0. The 30 nm 
wavelength simulation actually falls 
slightly below the free surface 
velocity. 
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In looking at a similar up value as O. Durand and L. 
Soulard at t= 

Slide 11 

§ The delta time between the upper and lower images is 36 ps which is 
much longer than the time where Durand observed breakup. 

§ A shorter shock direction simulation is currently underway at this shock 
strength to see if the void formation is percolating into the bubble region 
assisting in the break up of the spikes.  
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Examination of various surface shapes upon ejected 
mass 

n  Examine the effect of surface 
profile upon ejecta formation 

n  Conditions: 
•  up= 2.5 km/s (material is melted 

upon 1st shock) 
•  kh0= 1.0 

n  Shapes: 
•  Sine wave 
•  Chevron 
•  U-shape 
•  W-shape 
•  Fly-cut profile 
•  Square wave 
•  Narrow Gaussian 
•  Wide Gaussian 



Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

Spike tip growth for up=2.5 km/s as a function of shape 
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§ Sine Wave 

§ Chevron 

§ U-shape 

§ W-shape 

§ Fly-cut  

§ Square  

§ Guassian 
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Bubble heights and velocities for kh0=1.0 
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Bubble heights and velocities for kh0=1/8 

Slide 15 

0 200 400 600 800
Time (ps)

-0.4

-0.3

-0.2

-0.1

0

h bu
/h

ef
f

Sinusoidal
Flycut
Gaussian
Square
Chevron

0 200 400 600 800
Time (ps)

0

1

2

3

4

5

6

v bu

Sinusoidal
Flycut
Gaussian
Square
Chevron



Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

Spike heights and velocities for kh0=1.0 
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Spike heights and velocities for kh0=0.125 
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Images from Sawtooth from t=0-50 ps at 5 ps intervals 
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Images from Sawtooth from t=50-150 ps at 10 ps 
intervals 
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Mass from sinusoidal, chevron, and sawtooth kh0=1.0 
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Spike heights and velocities 

n  Spike height below 100 ps for the sawtooth shape is difficult to determine with 
the information that is coming out of the simulations due to the lack of 
symmetry about the middle of the simulation. It will also be observed in the 
bubble height and velocities shown on the next slide. 

Slide 21 

0 100 200 300 400
Time (ps)

0

200

400

600

800

1000
h sp

 (n
m

)

Sinusoidal
Chevron
Sawtooth

0 50 100 150 200 250 300 350
Time (ps)

0

1

2

3

v sp
 (n

m
/p

s)

Sinusoidal
Chevron
Sawtooth

Spike Height Spike Velocity 



Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

Bubble heights and velocities 

n  Bubble heights for the sawtooth are complicated as per note for the 
spike position. Furthermore the bubble velocities are even harder to 
obtain and thus the bubble velocities below about 100 ps are not 
reliable. 
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Preliminary comparison of copper MD simulations 
Sinusoidal/Flycut(aka Buttler scoops) at t=160 ps 
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§ Sine vsp= 1.829 
nm/ps with an 
initial, vsp0 = 
1.575 nm/ps 

§ Flycut(aka Buttler 
scoops) vsp=2.951 
nm/ps 

Vsp
Flycut

Vsp
Sinusoidal = 1.613
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Multimode simulations with double shocks 

§ Initial surface has 2 wavelengths with the same amplitude superimposed 
upon a single  wavelength wave 

§ Same time as multimode above. 
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Conclusions and future work 

n  The results for the collapse of the areal mass predicted by the model 
does a good job although there still needs some work on the analysis 
of the spike velocities. 
•  One approach will be to analyze more completely the simple two Fourier modes 

like just shown paying close attention to the velocity interaction. 

n  The bubble velocities do show the behavior as predicted by the longest 
mode of the Fourier series.   

n  Initial reported literature behavior of ejecta breakup with molecular 
dynamics appears to be affected by small shock direction lengths and 
may show percolation of the defects into the bubble region. 
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