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We present experimental results supporting physics based ejecta model development. Our 
present hypothesis assumes that ejecta form as a special limiting case of a Richtmyer­
Meshkov (RM) instability where the Atwood number A = - 1. From this assumption, 
we test established theory of spike and bubble growth rates related to the wavelength 
and amplitudes of surface perturbations through application of modern laser Doppler 
velocimetry techniques, which we apply in a novel manner to coincidentally measure 
bubble and spike velocities from explosively shocked solid and liquid metals. We also 
explore the link of ejecta formation from a solid material to the plastic flow stress it 
experiences at high-strain rates (107/s) and high strains (700%) as the fundamental link 
to the onset of ejecta formation. Our experimental observations allow us to bound the 
strength of eu at the high strains and strain rates, revealing a unique diagnostic method 
for use at these extreme conditions. We also find inconsistencies between established 
bubble velocity theory and measurement. 

1. Introduction 
Los Alamos National Laboratory (LANL) is actively engaged in the development and 

implementation of ejecta source and transport models. The effort includes a broad array 
of theoretical and experimental activities, from flyer-plate and high-explosive (HE) driven 
ejecta source and transport measurements from machine roughened Sn surfaces (see 
Vogan et al. (2005); Buttler et al. (2007a,b); Zellner et al. (2007); Buttler & Zellner 
(2007) ; Zellner et al. (2008a,b,c); Zellner & Buttler (2008d)), to measurements presented 
here from surfaces with larger scale perturbations that permit the study of the physics 
of ejecta production with dynamic penetrating proton radiography (pRad). 

There are at least two approaches to modeling source term ejecta dynamics. One com­
monly applied technique is to measure total mass-velocity distributions from a variety 
of surface finishes across a spectrum of shock breakout pressures, PSB. Those measure­
ments can then be integrated into a hydrodynamic-code that adds the measured source 
terms into the hydrodynamics when some critical condition is exceededt. Such an empir­
ical approach requires an extensive measurement basis, and often interpolation between 

t Email address for correspondence: buttler@lanl.gov 
t The transport of the ejecta in gasses also requires a model and some knowledge about 
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measurements if the surface features under consideration do not lie within the measured 
set. Complications to this approach include experimental observations that show that 
the total mass ejected, and the ejecta mass velocity distributions, sensitively link to the 
shockwave profile, e.g., whether the shockwaves are supported, as from flyer-plate type 
experiments, or unsupported, as from explosively driven shockwaves into metals (Buttler 
& Zellner 2011). Another approach is to evaluate and characterize materials according 
to their material properties and sensitivities to the initial driving conditions. Assuming a 
robust physics based model can be developed for a spectrum of interesting metals, then 
the parameter space of variables can be reduced. For example, at a minimum a viable 
model will accurately predict the total mass ejected, and a velocity distribution of the 
ejected mass based on the material and the geometry of the surface perturbations. It 
is this approach we are pursuing; and, because our experimental experiences have led 
us to the supposition that ejecta formation is characterized by a special limiting case 
of a Richtmyer-Meshkov (RM) instability (Richtmyer 1960; Meshkov 1969) where the 
Atwood number is A = - 1 (Meyer & Blewett 1972), this approach allows a simple link 
of ejecta production to the surface perturbation's wavelengths and amplitudes. 

2. Theoretical Motivation 
Recent RM experiments at LANL explore ejecta physics around three features: total 

mass ejected, ejecta mass velocity distributions, and driving conditions under which 
ejecta do or do not form. The first two criteria for mass ejected from shocked metals at 
the metal-vacuum interface link to a liquid (mostly strength-less) RM instability model , 
while the final criterion links plastic unstable flow to materials with strength. 

Considering the first two criteria (where A = - 1) for metals that liquefy on shock or 
shock release, for the case that shockwaves are driven through a metal into sinusoidal 
perturbations machined onto the metal surface interfaced with vacuum, then when the 
shockwave arrives at the metal-vacuum interface it will first release to zero-pressure at 
the perturbation minimum and then reflect back into the metal as a rarefaction wave. A 
brief time later the shockwave releases to zero-pressure at the perturbation maximum, 
also reflecting back into the metal as a rarefaction wave. Under these conditions, strains 
produced by the shockwaves interacting with the perturbations and the vacuum interface 
causes the perturbation minimums to compress, invert, and then grow in tension as 
RM instabilities (spikes) into vacuum. Because the compressed RM spikes grow quickly 
relative to the initial perturbation maximums, the perturbation maximums invert and 
form bubbles that unstably grow into the metal causing metal to flow into the spikes to 
support the spike growth. In this picture, bubbles and spikes refer to peak penetration 
depths on the two opposite sides of the "free-surface," which is nominally defined as the 
initial zero amplitude of the sinusoidal perturbations, e.g. , the initial surface sinusoidal 
perturbation can be defined as 7](x) = 7]osin(kx), where the wavenumber k = 21r/).. , ).. is 
the perturbation wavelength, x is the planar (xz) dimension parallel to the "free-surface" 
and incident shockwave, and TJo is the initial perturbation amplitude oriented parallel 
to the vertical dimension (y-axis) orthogonal to the xz-plane. In this two-dimensional 
geometry the literature usually takes TJ(x, t) positive into the metal, and - TJ(x, t) into the 
vacuum. With this definition, we define i]b,s(x , t) as the velocities of the bubbles (spikes) 
relative to the free surface velocity ufs - in the laboratory frame we directly measure 
with laser Doppler velocimetry (LDV) ufs, ub' = ufs - i]b , and U':' = ufs + Ii]sl, e.g., 

the ejecta particle sizes and mass distributions within the ejecta cloud. We are presently not 
diagnosing well the ejecta particles sizes or their velocity distributions. 
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see Yeh & Cummins (1964) ; Forman, George & Lewis (1965a,b); Buttler, et al. (2004) ; 
Strand, et al. (2006). 

We shall use the linear theory developed in Richtmyer (1960) to describe the extremely 
short, early time evolution of the perturbations as the perturbations compress when they 
pass through zero during the inversion process. For the subsequent period of substantial 
growth (more than thirty fold) we use a nonlinear model developed in Mikaelian (1998) 
to describe the evolution of bubbles and spikes relative to the free surface. 

Setting g = 1]ok = 0 in Eq. 5a in Mikaelian (1998) , gives 

iJ Yo (31 (3 1 
iJo = Y = V 2)) = V 2 J e311k + 1/2 ' 

(2 .1) 

where y2 = e3'1k + 1/2. This equation applies to both bubbles and spikes provided we 
take 1] and iJ positive (negative) for bubbles (spikes). Equation 2.1 relates the bubble 
or spike velocity iJb ,s to its amplitude 1]b,s, and its initial growth rate iJo, which we now 
describe. 

Integrating Eq. 2.1 gives 

(2 .2) 

which is equivalent to Eq. 11 in Mikaelian (1998) with 1]ok = 0, and Eq. 36 in Mikaelian 
(2010) ; a form of this equation was first presented in Zhang (1998) . 

The asymptotic spike velocity can be approximated from either Eq. 2.1 or 2.2 by 
evaluating both equations as 1]s --> -00. For Eq. 2.2, the terms must be rearranged, but 
from Eq. 2.1 we find 

lim iJ(1]) = V3iJo, 
1] ---+-00 . 

(2.3) 

which is the maximum velocity attainable by the spikes in theis model. 
An approximation to the bubble velocity in Eq. 2.1 is given as Eq. 17 in Mikaelian 

(1998) 

. b 2r,g 
1]t = 2 + 3iJgkt 

.b _. 2 '* 1]00 = hm = -k . 
t-->oo 3 t (2.4) 

The asymptotic limit applies at very late times and is independent of the initial pertur­
bation amplitudes. 

Equations 2.1, 2.2, 2.3 and 2.4 require the initial growth rates iJ~ 's. For shockwave 
driven incompressible linear instability growth (1]ok « 1) 

·b ·s k 1]0 ==; - 1]0 = 1]0 U j s, (2.5) 

as shown by Richtmyer (1960). This result is modified by two effects: compressibility and 
. nonlinearity. Richtmyer showed that to account for compressibility one should use not 
the preshock amplitude 1]0 but the postshock, compressed amplitude 1]0(1 - Ujs/Ush), 
where Ush is the shockwave speed in the metal caused by the loading stress PSB just 
prior to the arrival of the shockwave at the free-surface. While Richtmyer investigated 
the case of a shockwave moving from a low- to a high-density fluid, for the opposite case 
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Meyer & Blewett (1972) found that using the average of the preshock and postshock 
amplitudes gave better agreement with direct numerical simulations. Hence we use 

Ufs 
Fcmp = 1 - --

2Us h 
(2.6) 

as the compression factor. These prescriptions were developed for linear amplitudes and 
therefore the compression factor is the same for both bubbles and spikes, i.e., Fimp = 
F~mp = Fcmp. 

In the nonlinear regime - the linear conditions are not met - a second nonlinearity 
factor Fnl differentiates between bubbles and spikes. Velikovich & Dimonte (1996) ad­
dressed the nonlinear regime with a perturbation model and a series of simulations of 
bubble and spike growth. Later, Dimonte & Ramaprabhu (2010) provided a nonlinear 
factor as a fit to the spike simulations in Velikovich & Dimonte (1996): 

p s = 1 
nl 1 + (~)2' 

A similar fit to the bubble amplitudes gives a nonlinear bubble factor : 

pb = 1 
nl 1 + 'If!!£ . 

6 

(2.7) 

(2.8) 

Assuming that the effects of compressibility and nonlinearity act independently we 
obtain 

(2.9) 

The third criterion we explore evaluates whether ejecta formation is more fundamental 
than a simple link to the material phase at the time of shock or shock release at the metal­
vacuum interface, i. e., are the criteria of ejecta formation fundamentally linked to basic 
material properties such as material yield strength at the strains and strain rates in the 
material as experienced in the interaction of shock induced stresses and the perturbation 
geometry. If this last hypothesis is correct, then it is possible to form ejecta even when 
the material is solid on shock and shock release. This hypothesis centers on an interesting 
result in Piriz , Lopez-Cela & Tahir (2010), where, for our purposes, we modify their result 
and relate the spike amplitude 7]%x, for materials with strength to the initial density of 
the material Po, 7]0, PSB, k, and ufs (e.g., see Eq. 3 in Piriz , Lopez-Cela & Tahir (2010)): 

s P u 2 
7]00 - 7]0 ~ 0 29 k~ 

~·7]0 y' 
7]0 

(2.10) 

where Y must be the mean flow stress of the material at high strains and high strain 
rates - not the elastic-plastic yield assumed in Piriz, Lopez-Cela & Tahir (2010). We 
explore this property in shock stress regimes where the material is solid on shock and 
release, with A = - 1, in contrast with the Piriz study where A ~ 1. There are other key 
differences between the what we will refer to as the Piriz model and these experiments. 
For example, the Piriz model assumes that il s = ilb, which is true for A = 1 study - our 
A = -1 situation releases to zero pressure and the spike and bubble velocities and heights 
are quite different from each other. Importantly we note that the Piriz model links to no 
constitutive material properties. Nevertheless, it is a relevant idea and approach, and it 
was the motivation behind our interest in solid material RM studies. 
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3. Experimental approach 

The path by which we arrived at our present experimental approaches to explore 
the physics described by Eqs. 2.1 to 2.10 began with small scale HE and flyer-plate 
experiments on roughened surfaces (Vogan et al. 2005 ; Zellner et al. 2007) . From those 
studies it was concluded that the geometries of most interest centered on one-dimensional 
(lD) HE driven experiments. The 1D approach led naturally to use of HE lenses combined 
with boosters to smooth out the drive as the shockwave releases to zero pressure as it 
arrives at the vacuum-metal interface. Also, because of our successes with the smaller 
scale experimental studies, we began pRad work with larger scale perturbations that were 
imageable at the pRad facility. Within our second year of pRad work the best designs 
began to emerge, with the requirements to support the ejecta model development efforts 
being the smallest resolvable features - wavelengths and amplitudes - at the pRad facility 
with x 3 magnification, combined with uniaxiallD drives. 

In designing packages that addressed the full set of needs we settled on a P076 (76 mm 
diameter HE lens) and we evaluated two different HE boosters: TNT and PBX 9502. 
These HE geometries required experimental hydrodynamic proof and were tested by 
fielding two hydro tests that were identical except for the two different booster systems. 
Otherwise, the two hydro tests fielded 10 mm of Sn in contact with 2 mm of Ti that was 
in contact with the HE booster , similar to the designs seen in Fig. 1. We also incorporated 
momentum trapping on the tests (see Bourne & Gray (2005a,b)). 

Hydrodynamic simulations of the TNT geometry with Sn targets predicted PSB < 19 
GPa. However, the experimental hydro-tests reached PSB :=::; 28 GPa for the PBX 9502 
booster, and PSB :=::; 24.5 GPa for the TNT booster - again the samples were Sn of height 
10 mm. Because of the high loading pressures we modified our experimental geometry 
further to include a right cylinder Calcitol booster of diameter 76 mm and height 16 mm 
together with the P076 HE lens for the Sn target experiments. Hydrodynamic simulations 
of the Calcitol geometry with the 2 mm Ti buffer and 4 mm Sn target predicted Sn 
pressures of PSB < 16 GPa. However, because of continuing concerns that Sn experiments 
would not be solid-on-releaset with the lenses and Calcitol boosters, we also designed a 
Cu package that used a 76 mm diameter by 10 mm tall right cylinder PBX 9501 booster, 
for which we were certain that the Cu would be solid upon release to zero pressure. 
Our concerns were well founded as the first pRad Sn experiment (Sn-pRad0425) was 
observed to reach peak stresses of PSB :=::; 27 GPa. Therefore, we next fielded the Cu 
target (Cu-pRad0426) which was observed to reach peak stresses of PSB :=::; 36 GPa, which 
is clearly solid on shock and release. Lastly, we added a 10 mm thick Sn cylinder between 
the Calcitol and the Ti, and that experiment (Sn-pRad0427) was observed to drop to 
PSB :=::; 22 GPa, still above melt on release for Sn. Figure 1 illustrates the experimental 
geometries for the three FY10 RM instability experiments, and Fig. 2 presents selected 
pRad data. 

4. Experimental Data and Discussion 

If Eq. 2.10 captures the physics relevant to RM instability growth in solids with A = 
- 1, then the dynamics predicted for a target that is solid on release, assuming the 
perturbation wavenumbers are well chosen, are that at least one perturbation region will 
grow without bound, another perturbation region will not grow at all (its velocimetry 

t The Sn samples are shocked along the Hugoniot to pressures where the Sn shocks from 
the solid f3 to the solid body-centered-tetragonal (BeT) phase and then releases to a mixed 
solid-liquid phase. 
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TNT Booster PBX 9501 TNT Booster 

Sn Target with corrugations Cu Target with corrugations 

PBX 9501 TNT Booster 

Acetal 
J-----(/) 94.2 mm 

Sn Target with corrugations Cu Momentum Trapping Target 

FIGURE 1. pRad RM experimental package geometries encase in acetal plastic a 76 mm diameter 
plane-wave HE lens used to uniformly detonate a HE booster cylinder in contact with a buffer 
plate; the sample/target is mounted to the buffer plate atop the acetal plastic as well. The target 
design incorporates momentum trapping concepts (Bourne & Gray 2005a,b), as illustrated on 
the lower right together with the target perturbation schemes. The targets were machined to 
a diamond turn finish that included four bands of sinusoidal corrugations, of >. = 550 J.un 
wavelength and varying amplitudes (see Fig. 2). Each corrugation band was eight wavelengths 
wide and separated by flat regions that were 5 mm wide. Over each corrugation band and 
intervening flat region was positioned a velocimetry probe used to measure jump times and 
velocity histories over the duration of the experiment. 

would be indistinguishable from Uj s ), and that at least one of the remaining perturbation 
regions will present with initial plastic RM growth that quickly arrested; these are the 
dynamics observed in the Cu experiment, but because the two Sn experiments released 
to a partial liquid phase they of course grew without bound. Nevertheless, the Sn data 
help validate the ejecta mass and the ejecta mass velocity distributions. 

Figure 2 shows one late time image from each of the three pRad experiments illustrated 
in Fig. 1: experiment Sn-pRad0425 is to the left (Sn at PSB = 26.7 GPa) , Sn-pRad0427 
is in the center (Sn at PSB = 21.9 GPa) , and Cu-pRad0426 is to the right (Cu at 
PSB = 36.1 GPa). For the Sn experiments the time at which the image was captured 
relative to breakout of the shockwave at the metal-vacuum interface was /).t :::::: 7.9 /-LS , 

and for the Cu experiment /).t :::::: 7.8 /-LS. The free-surface velocities Ujs were measured 
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pRad042S(Sn; PSB "" 27 GPa) pRad0427(Sn; PSB "" 22 GPa) pRad0426(Cu; PSB "" 36 GPa) 

40 

35 

30 

10 

15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35 

Distance (mm) (b) Distance (mm) (c) Distance (mm) 

FIGURE 2. FYlO pRad images. Sn is to the left (a) and in the center (b), and eu is to the right 
(c). The image time relative to shockwave breakout at the vacuum-metal interface is to the right 
just above each image. The wavelength of the perturbations was ).. = 550 j.Lm , and the initial 
wavenumber and amplitude product TJok for each perturbation region is shown to the left of each 
perturbation region. The free surface is nominally outlined in yellow, and Ufs was diagnosed 
with laser Doppler velocimetry (LDV) from the flat regions between each perturbation region. 
Bubbles and spikes are noted on the figures. LDV locations are noted in blue within (b) . 

with LDV from the flat areas between each perturbation region , and the bubble and 
spike velocities were measured by LDV as well. 

The asymptotic Sn spike-velocity u';' for each unstable spike seen to grow can be 
approximated as the nominal height of the spikes seen on the Fig. 2 grids divided by D.t, 
and Ufs can be estimated in like manner. 

The free-surface in Cu-pRad0426 experiment remains the flattest at late times, with 
Sn-pRad0425 the next flattest, but nevertheless showing some later time edge-release 
effects even though the idea of momentum trapping is to isolate the center disk, as 
shown in Fig. 1, from side rarefaction wave effects. The center image of Sn-pRad0427 is 
the most polluted by edge release effects, but on that experiment we added the 10 mm 
tall right Sn cylinder between the Calcitol booster and the Ti surface, as seen in Fig. 1, 
so this result is expected. 

When a shocked surface is liquid-on-shock and -release, or liquid-on-release, the ve­
locimetry is generally unremarkable. In such a liquid release state, assuming velocimetry 
measurements return results, the free-surface velocity is seen to jump from zero velocity 
to a high velocity and then hold steady at that velocity because it is liquid and retains no 
residual material strength greater than the residual surface tension, i.e., the shocked sur­
face is for all intents and purposes a free-particle traveling at u'/s = Canst . Because the 
two Sn experiments (Sn-pRad0425 and Sn-pRad0427) were shocked to PSB ;::; 22 GPa, 
the Sn velocimetry falls within this category: an unremarkable result that shows only 
asymptotic bubble, spike, and free-surface velocities - Ub , u,;" and ufs, respectivelyt . 

t Without loss of generality, within the text we alternately refer to ufs and u 'ls , which are 
equivalent late time constant velocities we measure with LDV. 
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"10 k Tho r:t ·b ,m . b r,~m . s 
"10 "It= 0.3 Its "It= 0.3 Its "100 

({Lm) ({Ls) ({Ls) (mm/{Ls) (mm/{Ls) (mm/{Ls) 
Sn-pRad0425 0.25 22 14.441 < 0.14 - 0.07 -0.12 0.63 0.61 
P SB = 26.7 GPa 0.5 44 14.431 < 0.13 - 0.15 - 0.15 1.14 1.16 
(ut.) = 1.85 (mm/ {Ls) 1.0 88 14.430 < 0.21 - 0.14 -0.17 1.60 1.97 
Ush = 3.97 (mm/ {Ls) 2.0 175 14.365 < 0.34 - 0.26 - 0.18 2.10 2.46 

Sn-pRad0427 0.12 11 17.289 < 0.11 0.00 - 0.08 0.31 0.26 
PSB = 21.9 GPa 0.35 31 17.266 < 0.09 - 0.02 - 0.13 0.81 0.74 
(ut.) = 1.59 (mm/ {Ls) 0.75 66 17.253 < 0.08 - 0.09 - 0.16 1.26 1.43 
Ush = 3.77 (mm/{Ls) 1.5 131 17.206 < 0.22 - 0.06 - 0.17 1.78 2.09 

TABLE 1. Tin RM instability velocimetry from Sn-pRad0425 and Sn-pRad0427. A = 0.55 mm; 
"10: initial perturbation amplitude; Tho: time the spikes began to compress and invert from their 
initial minimums; T:t: time over which the spikes rise to 90% of their maximum velocity; iJ;;;'m(0.3 
{Ls}: bubble velocity relative to Uf s at t = 0.3 {LS, iJ';;,m the measured asymptotic spike velocity; 
iJ~: the predicted spike velocity. The uncertainty in all measured velocities is of 0(0.01 to 0.02 
mm/ {Ls), and the uncertainties in Tho is of 0(0.005 {Ls). 

Therefore, for t he Sn experiments we simply tabulate the observed quantities of interest , 
such as PSB (which is calculated from the measured ufs) and the shock velocity Ush in 
the material at PSB , which is used to calculate the predicted spike and bubble velocities 
iJ~ and iJ~ that are compared with the measured spike and bubble velocities iJ':;,m and 
iJb ,m in table l. 

Regarding the Sn results reported in table 1, PSB listed in the details (first) column is 
estimated from (ufs), which is the average of the three ufs measurements (LDV probes 
2, 4, and 6) from the fiat surfaces between the four perturbation regions, and the shock 
velocity Ush in the metal is calculated from (ufs) as wellt. The uncertainty in (ufs') is on 
the order of 0.01 to 0.02 mm/ {LS. The spike and bubble velocities (iJ':;,m and iJb ,m) were 
coincidentally measured with a single LDV probe:!: above each perturbation region (LDV 
probes 1, 3, 5, and 7) . The early time bubble dynamics are not well resolved, possibly due 
to noise, but the late time measured bubble velocities iJb ,m are reported (in a negative 
sense) relative to (ufs), In table 1 we also report tgo, the time of shock-breakout time 
relative to CVR~ at the minimum perturbation heights, and t~t' the measured time 
over which the spikes are observed to rise to 90% of t heir asymptot ic velocity iJ':;,m. The 
uncertainty in these time values is on the order of 0.005 {LS. The earliest motion should 
first occur in t he perturbation regions with the largest amplitude for a 1D-HE drive and 
that is what was observed. 

The Cu velocimetry is more interesting because the Cu is solid-on-shock and shock­
release, and it is expected that some spikes will exhibit unconstrained growth of solid 
material , and some will exhibit no growth, while some will exhibit initial growth that 
is arrested. While the Cu data on the right in Fig. 2 appears to present t hese predicted 
phenomena, the result is only qualitative in appearance. However, the Cu velocimetry 
presented in Fig. 3 quantifies the remarkable prediction. For example, for the largest 
wavenumber and amplitude product, the spike growth appears to be unconstrained; if 
there is a sharp spike velocity jump followed by a release to a lower velocity for the 

t We calculate PSB and Ush using standard impedance matching techniques. 
:/: The LDV spot size is ~ 1 mm, and A = 0.55 mm, allowing coincident measurement of both 

the bubble and spike velocities. 
~ CVR relates the time high voltage is dumped to the detonators that ini tiate the HE lens. 
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o I 2 
Time (!,s) 

Initial Growth Followed 
b Arrested Growth 

0.12 'lok = 0.35 
~~ 

o I 2 o I 
Time (!,s) Time (!,s) 

2 

FIGURE 3. Velocimetry measured by the LDV probes for Cu-pRad0426. The upper four panels 
show the velocities from the 4 regions with corrugations and are labeled by TJok . The lower 
three pariels show the velocities from the intervening flat regions. For TJok = 1.5 and 0.75 the 
asymptotic spike velocity and bubble velocity are clearly visible. For TJok = 0.75 the velocity 
relaxation to the peak value ugk indicates that material strength is affecting spike growth rates. 
Obviously for TJok = 0.35, and upon close examination for TJok = 0.12, U~k is larger than the 
peak free-surface velocity and releases down to uJ. indicating initial growth of the perturbations 
that is subsequently completely arrested. 

T/ok = 1.5 perturbations it is not resolved in the velocimetry. Either way, for the largest 
amplitude Cu perturbations it appears as if the spikes grew quickly and then broke 
up, according to the penetrating proton radiography. In contrast, for the T/ok = 0.75 
perturbation region the spikes accelerate to a high velocity and then quickly decelerate 
to a lower asymptotic velocity u';' = Const > Uj > u'Fs , where Uj is the maximum 
measured ufs which is greater than the late-time asymptotic free-surface velocity u'Fs 
of the solid Cu . From the Fig. 2 radiography these T/ok = 0.75 spikes also appear to 
have broken up. The final two regions present the most interesting phenomena in that 
it appears in the velocimetry that both perturbations initially grew but then the growth 
quickly arrested and the spike velocities decayed to u~m = u'Fs < Uj . The average jump 
velocity (Uj) is the average of the LDV measurements in the three flat regions (probes 2, 
4, and 6) between the perturbation regions and is used to estimate PSB and Ush for the 
Cu, as usual. After shock breakout, Uj releases down to a lower u'Fs as the Cu reverberates 
with the release waves reflecting through the Cu sample. This is typical velocimetry from 
materials with strength. 

It is interesting, if not unexpected, that Eq. 2.3 predicts well the measured peak veloc­
ities r,;k for the Cu spike growth - for both cases where the spikes breakup after plastic 
growth, and when the spike growth arrests. This interesting result may be simply related 
to the RM physics predicting the driving impulse. In the Cu case the spikes breakup 
when the flow stress is exceeded in plastic deformation at high strains and high strain 
rates, leading to constant u~ > u'Fs, similar to the liquid Sn spikes. In the situation that 
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Cu-pRad0426 TJok Tbo Tit .b,m i]~m ·s . s 
TJo TJt=0.3 I-'S TJpk TJCXJ 

(ltm) (Its) (Its) (mm/lts) (mm/lts) (mm/lts) (mm/lts) 
PS B = 36.1 GPa 0.12 11 13.189 < 0.08 0.00 0.00 0.17 0.15 
(Uj) f':j 1.58 (mm/lts) 0.35 31 13.187 < 0.08 0.00 0.00 0.57 0.43 
(uj.) f':j 1.46 (mm/ its) 0.75 66 13.170 < 0.09 -0.02 0.98 1.30 0.82 
Ush = 5.12 (mm/ Its) 1.5 131 13.150 ? -0.02 1.89 1.82 1.20 

TABLE 2. Copper RM instability velocimetry from Cu-pRad0426 (.>. = 0.55 mm) TJo: initial 
perturbation amplitude; Tbo: time the spikes began to compress and invert from their initial 
minimums; T:t: time over which the spikes rise to 90% of their maximum velocity; r)~m(0.3 
J.ts): bubble velocity relative to u j. at t = 0.3 J.tS, r)~m the measured asymptotic spike velocity; 
r)~ : the predicted spike velocity. The uncertainty in all measured velocities is of 0(0.01 to 0.02 
mm/lts), and the uncertainties in Tbo is of 0(0.005 Its). 

the Cu spike growth begins and then is arrested, the driving impulse is still predicted by 
the RM physics, but because the flow stress is not exceeded the spike growth is arrested 
and u~ = u'!s. The Cu velocimetry details are tabulated in table 2. 

We can also review how well Eq. 2.4 predicts iJb at early and late times, for at least the 
Sn experiments. While the model implies that the relative difference between u'!s and iJ~ 
should be zero, experimentally we observe that iJb is asymptotic and finite by t ~ 0.3 J-lS , 
and it remains at this relative velocity for a duration on the order of 10 J-ls , in contradiction 
with Eq. 2.4. The predicted spike velocities, however, are within ~ 20% for both Sn 
experiments, but the comparisons between the measured and predicted bubble velocity 
terms is most consistent for the highest pressure Sn experiment, Sn-pRad0425 (PSB = 

26.7 GPa), than it is for the lower pressure Sn experiment, Sn-pRad0427 (PSB = 21.9 
GPa) , especially at the smallest TJok products which are the most relevant TJok products 
for ejecta production from explosively shocked metals. This is probably related to the 
equation of state of Sn which releases to 100% solid for an initial stress of PSB ~ 19.5 
GPa, and which releases to 100% liquid for PSB ~ 33 GPa (e.g., see Mabire & Hereil 
(1999) ; Greeff, Chisolm & George (2005)). The physics implies the ratio of solid-to­
liquid metal is near one for the lower pressure experiment, i.e., even though the Sn is 
in a partial liquid state it retains some residual strength greater than simple surface 
tension, attenuating the bubble growth rates faster for the lower pressure Sn experiment 
(PSB = 21.9 GPa) than for the higher pressure Sn experiment (PSB = 26.7 GPa) . For 
the lower pressure experiment the asymptotic bubble velocity iJb(t = 0.3 J-ls) - relative 
to u'!s - quickly approaches zero, whereas for the higher pressure experiment the bubble 
velocity is asymptotic and finite at late times (on the order of 10 J-ls) . 

Unsurprisingly, Eq. 2.4 does not predict well iJb for the Cu experiment, Cu-pRad0426 . 
. The Cu is 100% solid on shock and release. There is no reason to expect the Cu to 
plastically flow for an extended period of t ime to feed mass from the bubbles into the 
Cu spikes. 

5. Strength at High-Strain and High-Strain Rate 
In ejecta experiment Cu-pRad0426 velocimetry data were obtained on solid Richtmyer­

Meshkov (RM) unstable 2D copper spikes. The analytical results of Piriz, Lopez-Cela & 
Tahir (2010) for the strains and strain rates in growing RM unstable perturbations, the 
Cu-pRad0426 data, and the standard PTW material strength model (see Preston et al. 
(2003)) are used to estimate the time dependence of the strain rate, temperature , and 



Unstable Richtmyer-Meshkov growth of solid and liquid metals in vacuum 11 

flow stress in the growing spikes. Comparison with the Piriz expression for the yield stress 
shows a significant discrepancy. 

Piriz, Lopez-Cela & Tahir (2010) have constructed an analytical model for the strength­
limited RM unstable growth of sinusoidal 2D perturbations at the free surface of a solid. 
The modeled growth is initiated by a step function in the pressure at the solid-vacuum 
interface. This pressure discontinuity drives a shockwave into the solid from the initial 
vacuum region (A :::::: 1), thus the RM-unstable solid perturbations grow on the shock 
Hugoniot of the solid. However, the flow stress of the solid reduces the growth rate and 
determines the maximum height - unbounded for a fluid - to which the perturbations 
grow. The model involves a single parameter that was determined by means of 2D numer­
ical simulations. The constitutive behavior is taken to be elastic-perfectly plastic with 
yield strength Y . Their generalized model for the maximum spike height may be written 

s pu2 
Tico - Tio - k p 

- J-LTio -Y , 
Tio 

(5 .1) 

where Ti:x, (Tio) is the maximum (initial) spike height , k is the perturbation wavenumber, 
P is the material density in the shock state, and up is the particle velocity. From 2D 
simulations the parameter J-L was determined to equal 0.29. 

Ejecta are formed when a shockwave propagates into the perturbations from within 
the solid, a rarefaction (release wave) reflects from the perturbations into the bulk solid , 
and the RM unstable spikes (perturbations) grow and breakup at zero pressure. These 
loading conditions differ fundamentally from those considered by Piriz et al. Nevertheless 
it is reasonable to assume that the maximum spike height is of the same form as Eq. 5.1 
but with up -> Ujs> the free surface velocity, and P. -> Po , the ambient density 

Ti:x, - Tio 2 J-L' 
-'-='----'-- = Tio k Po U j s Y . 

Tio 
(5.2) 

The coefficient, J-L' , may differ from J-L = 0.29 used in Eq. 5.1. A careful analysis, similar 
to that carried out by Piriz, Lopez-Cela & Tahir (2010) , is needed to determine J-L' for the 
loading conditions specific to ejecta formation. Equation 5.2 can be used to extract Y I J-L' 
from the velocimetry data on pRad4026 for , in particular, Tiok = 0.35 (Fig. 3), which 
exhibited arrested growth. Time integration of the measured Us - Ujs gives Ti:x, - Tio 
appearing in Eq. 5.2; we find Ti:x, - Tio = 160 J-Lm. With Tio = 31 J-Lm, Po = 8.93 g/cm3 , 

and Ujs = 1.46 mml J-LS, we obtain Y = 12.9 J-L' kbar. If we assume J-L' = 0.29 then Y = 3.7 
kbar. 

To see if this constant yield stress is physically reasonable, we. will calculate the time 
dependence of the strain, strain rate, temperature, and flow stress during spike growth 
using the PTW constitutive model (see Preston et al. (2003)) . 

Let the solid occupy the negative half space y :::;; 0 of an x - y coordinate system. 
In the approximation that the solid is incompressible, the velocity field of the growing 
perturbations is of the form (Piriz, Lopez-Cela & Tahir 2010) 

Vx = a - 1 r,(t) exp (k y I a) cos (k x), 

Vy = r,(t) exp (k y I a) sin (k x). (5.3) 

This single-mode model will provide only a crude approximation to the true strain rates, 
temperatures, and stresses when the strains in the spikes are large, as in Cu-pRad0426. 
The plastic strain rate tensor has the three independent components 

. a Vx . 1 (a Vx a Vy ). a Vy 
Exx = a x ' Ex y ="2 a y + a x , Eyy = a y . (5.4) 
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The corresponding equivalent plastic strain rate is given by 

. (2..) 1/ 2 
E = "3 EijEij 

(5.5) 

which can be simplified by noting that a - 2 ~ 9 (Piriz, Lopez-Cela & Tahir 2010), thus 
a - 2 ± 1 ~ a - 2 

1 
i = ;;; k i] (t) exp (ky I a) 1 cos (k x) I. 

a 2 y3 
(5.6) 

We now calculate the average strain rate in the spikes as a function of time. The strain rate 
for y = -rht), i.e. at the bottoms of the bubbles, is proportional to exp (- r"l(t)kla) , and 
therefore decreases exponentially with spike heightt from its initial value exp (- 'TIokla) , 
which ~ exp (-1) for Cu-pRad0426 with 'TIo = 31 /-lm and>' = 550 /-lm ; hence, the plastic 
flow below the bubbles can be neglected. We accordingly define the mean strain rate in . 
the spikes by integrating from the bubbles to the spike tips 

1 2 1 1>./ 4 11)(t) sin(k x ) 
(i(t)) xy = ----:r.i ki](t),-(-) dx dyeky /a cos (kx) 

a 2 y 3 /\ 2'T1 t - >. /4 - 1)(t) 

= i](t) [_a sinh ('TI(t) k) _ exp ('TI(t) k)] . 
a V31I''TI(t) 'TI(t) k a a (5 .7) 

The spike height is a quadratic function of the time (Piriz, Lopez-Cela & Tahir 2010) 

'TI(t) = rJo +i]ot (1 - 2!m) ' 

where tm , the time when the spikes reach their maximum height, is given by 

tm = 2 ('TI~ - 'TIo) . 
'TIo 

(5 .8) 

(5.9) 

From the velocimetry data for Cu-pRad0426, 'TIok = 0.35, we determine that 'TI':x, - rJo = 
160 /-lm and i]o = u;k - u f s = (2.15- 1.46) mml/-ls= 690 /-lml/-ls, which gives tm = 0.46 /-lS. 
The spike tip velocity follows from Eq. 5.8 

i](t) = i]o (1 -L)· (5 .10) 

Substitution of Eqs. 5.8 and 5.10 into Eq. 5.7 yields the time dependence of the mean 
plastic strain rate in the spikes (see Fig. 4(a)). Averaging (i(t)) xy over time gives (i) xyt = 
1.5 x 107 Is. 

The mean plastic strain as a function of time is 

(E(t)) xy = lot dt' (i(t')) xy = a ~ 11' [f ('TI(~ k) - f ('TI: k) ] , (5.ll) 

where 

f(x) = ~ [Ei (x) - Ei (-x)] _ sin~(x). (5.12) 

t In Piriz, Lopez-Cela & Tahir (2010) the main assumption is that rJs = rJb = rJ in their 
single-mode model. 
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FIGURE 4. Cu-pRad 0426, TJok = 0.35, PSB ~ 36 GPa. (a) Mean plastic strain rate in the 
Cu spikes vs. time. (b) The mean Cu spike temperature vs time. The temperature reaches 
T melt ~ 1300 K at 0.35 J.Ls , but the Cu remains solid until growth arrest at 0.46 J.LS . (c) Time 
dependence of the mean stress in the Cu spikes. 

The mean plastic strain in Cu-pRad0426, TJok = 0.35, increases monotonically from zero 
to approximately 700%. 

The shock pressure for Cu-pRad0426 was 36.1 GPa. A new copper two-phase equation 
of stat.e constructed by one of us (DLP) gives the corresponding shock release temperature 
as 388 K, assuming an initial temperature of 293 K. In addition to t his 95 K rise in 
temperature following shock release, the temperature will continue to rise in the growing 
spikes because of the adiabatic heating due to plastic work 

1 1f f::, T(E) = -C . o"(E, i , T(E), P = 0) dE. 
Po r 0 

(5.13) 

Here 0" is the flow stress (yield stress is the flow-stress at zero strain), and Cr is the 
specific heat . A reasonable definition of the mean spike temperature is provided by 

(5.14) 

T his first-order , non-linear ODE was solved numerically for the PTW model of the flow 
stress, 0". The solution is shown in Fig. 4(b). 

The mean temperature of the spikes reaches the melting temperature at 0.35 J.Ls 
((E)xy = 5.7). The plastic work from this time to growth arrest at 0.46 J.LS ((E)xy = 6.9) 
is ~ 4 kbar x(6.9 - 5.7) = 4.8 x 109 erg/cm3 , which is ~ 25% of the heat required to 
melt the copper (latent heat = l.8 x 1010 erg/cm3 ); hence, neglecting localized melting, 
the copper remains solid up to growth arrest. 

In Fig. 4(c) we plot 0"( (E(t))xy, (i(t))xy, (T(t))xy, P = 0) . The figure clearly shows that 
t he spike growth becomes plastically unstable at t = 0.06 J.LS, which corresponds to a 
strain of E ~ 60%. The time- and spatially-averaged PTW flow stress is found to be 5.7 
kbar, which is 54% higher than the value Y = 3.7 kbar predicted by Eq. 2.10 (/1,' = 0.29 
in Eq. 5.2). 

The simple constitutive relation chosen in Piriz, Lopez-Cela & Tahir (2010), namely 
elastic-perfectly plastic with a constant Y, is a poor approximation to the actual consti­
tutive behavior, as shown in our case in Fig. 4. In order to extract high strain rate flow 
stresses from ejecta data it will be necessary to generalize Eq. 5.2 using a more realistic 
constit utive relation . 
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6. Conclusions 

Much work remains to be done along the lines of ejecta model development , but our 
work with a simple Mikaelian model demonstrates that the supposition that ejecta form 
as a limiting case of a RM model is well founded. Using such a model we have successfully 
demonstrated that spike velocities iI~ are predicted within ;:s 20% of observed, measured 
velocities for wavenumber and amplitude products up tOT/ok = 2. The basic model was 
less successful predicting the bubble velocities ilb(t) at early or late times, even though it 
is thought that the bubble velocity physics are better understood (in our ejecta studies 
we assume that the bubble heights relate to the total amount of ejected mass from the 
perturbations). The failure to predict well the bubble velocities is a surprise, but most 
RM instability studies focus on two fluid mixing, and these data present an opportunity 
to study RM physics of liquid metals in the limiting extreme of A = - 1. 

Observation of the spike rise-times is also of interest because of differences seen be­
tween mass ejected in flyer plate experiments as compared with mass ejected in our small 
scale HE experiments. We surmised that perhaps in ejecta experiments driven by unsup­
ported shockwaves, that as the material releases into tension the physical property that 
feeds ejecta mass into unstable growth is somehow quickly stopped. This phenomena is 
observed in our small scale experiments where the ejected masses become asymptotic 
with increasing pressure for HE experiments that are liquid on release, but the ejected 
mass appears to linearly increase with pressure for supported shockwave experiments at 
similar peak loading pressures (Buttler & Zellner 2011). 

The Eq. 2.10 relation, or more generally Eq. 5.1 , for RM unstable spike growth was 
suggested by the result of Piriz, Lopez-Cela & Tahir (20l0) for step-function pressure 
loading of the interface where the Atwood number is A = 1. In order to extract the plastic 
constitutive properties/parameters of real materials from velocimetry data, an analogous 
relation must be derived for the loading conditions specific to ejecta formation and for a 
realistic constitutive relation accounting for work hardening, strain rate sensitivity, and 
temperature dependence; this will be the focus of our future theoretical work. With such 
a relation at hand we would be able to determine large-strain flow stresses at plastic 
strain rates greater than or of order 107/s on well-characterized metals and alloys. This 
would be a unique capability: there is presently no technique for reliably measuring flow 
stresses at strain rates above 106 /s. In addition , the theory of plastic flow at these de­
formation rates is particularly challenging because the dislocation glide is controlled by 
both thermally-activated intersection and dislocation drag mechanisms. This new tech­
nique would provide data that are essential for the construction of constitutive relations 
applicable at strain rates greater than 106 /s. 

This work sets the stage for improvements to ejecta transport studies. While we have 
collected initial transport data, data from similarly well controlled experiments as these 
are important for validation of current elements of our hydrodynamic transport models. 
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Appendix A 

The images that follow present the full set of Sn and Cu data from Sn-pRad0425, 
Cu-pRad0426, and Sn-pRad0427. The data include the proton radiographs in the upper 
portion of the figures (the (a) images), with time stamps relative to shockwave breakout 
at the metal-vacuum interface positioned above the images, showing the time of each 
radiograph. The (b) image presents the LDV data for the perturbation regions. Sn­
pRad0425 is seen in Fig. 5, Cu-pRad0426 in Fig. 6, and Sn-pRad0427 in Fig. 7. For 
all images the wavelength of the perturbations is A = 0.55 mm, and the units of all 
velocimetry is millimeters per microsecond. 
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FIGURE 5. Full set of Sn-pRad0425 cropped proton radiographs. The time of each radiograph 
relative to shockwave breakout at the free-surface is seen just above each image. The units of the 
horizontal and vertical axes are millimeters. The largest 'T/ok wavenumbers have the largest, and 
the smallest wavenumbers the lowest r,'/x,. From top to bottom, we have 'T/ok E {l.0, 0.25, 0.5, 2.0}, 
as shown in Fig. 2. 
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FIGURE 6. Full set of Cu-pRad0426 cropped proton radiographs. The time of each radio­
graph relative to shockwave breakout at the free-surface is seen just above each image. The 
units of the horizontal and vertical axes are millimeters. The largest "10k wavenumbers have 
the largest, and the smallest wavenumbers the lowest i}~. From top to bottom, we have 
"10k E {0.75, 0.12, 0.35, 1.5}, as shown in Fig. 2. 
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FIGURE 7. Full set of Sn-pRad0427 cropped proton radiographs. The time of each radiograph rela­
tive to shockwave breakout at the free-surface is seen just above each image. The units of the hor­
izontal and vertical axes are millimeters. The largest fJok wavenumbers have the largest, and the 
smallest wavenumbers the lowest r,~. From top to bottom, we have fJok E {0.75, 0.12, 0.35, 1.5} , 
as shown in Fig. 2. 


