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Abstract. We present experimental results supporting physics based ejecta model development, where we 
assume ejecta form as a special limiting case of a Richtmyer-Meshkov (RM) instability with Atwood number 
A = - I. We present and use data to test established RM spike and bubble growth rate theory through 
application of modern laser Doppler velocimetry techniques applied in a novel manner to coincidentally 
measure bubble and spike velocities from shocked metals. We also explore the link of ejecta formation from 
a solid material to its plastic flow stress at high-strain rates (l07/s) and high strains (700%). 
Keywords: Ejecta, Ejecta modeling, Richtmyer-Meshkov instability, Proton Radiograhy 
PACS: 83 . IO.Bb, 83.1 O.Gr, 83 .60.Wc 

INTRODUCTION 

Los Alamos National Laboratory (LANL) is ac
tively engaged in development and implementa
tion of ejecta source and transport models. The ef
fort combines theory with experimental flyer-plate 
and high-explosive (HE) driven ejecta measurements 
(see [I , 2, 3]), including measurements presented 
here from surfaces with larger scale perturbations 
that permit the study of ejecta physics with dynamic 
penetrating proton radiography (pRad). 

There are at least two approaches to modeling 
ejecta dynamics. One technique measures total mass
velocity distributions from a variety of surface fin
ishes across a spectrum of shock breakout pressures, 
PSB. Those source measurements can be inserted into 
a hydrodynamic-code that adds the measured source 
into the hydrodynamics when some critical condition 
is exceeded. Another approach is to characterize ma
terials according to their dynamic material properties 
and sensitivities to the initial drive conditions. As-

suming a robust physics based model can be devel
oped for a spectrum of interesting metals, then the 
parameter space of variables can be reduced. At a 
minimum, such a model will accurately predict the 
total ejected mass and its velocity distribution based 
on the material and the geometry of the surface per
turbations. It is this approach we are pursuing. 

THEORETICAL MOTIVATION 

We 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 link to a liquid RM 
instability model, while the final criterion links un
stable plastic flow to material strength. 

Consider the first two criteria, for A = - I for met
als that liquefy on shock or shock release, where a 
shockwave is driven through a metal into sinusoidal 
perturbations at the metal-vacuum interface. When 



the shockwave arrives at the metal-vacuum interface 
it first releases to zero-pressure at the perturbation 
minimums and reflects as a rarefaction into the metal. 
A brief time later the shockwave releases to zero
pressure at the perturbation maximum in the same 
manner. Under these conditions, strains produced by 
the shockwave and perturbation interactions causes 
the perturbation minimums to compress, invert, and 
then grow in tension as RM instabilities (spikes) . The 
perturbation maximums also invert, forming bubbles 
that unstably grow into the metal to support spike 
growth. In this picture, bubbles and spikes refer to 
peak penetration depths on the two opposite sides 
of the "free-surface," which we define as the initial 
zero amplitude of the sinusoidal perturbations, e.g. , 
1J (x ) = 1Jo sin(kx), where the wavenumber k = 21r/ It, 
It is the wavelength, x is the planar (xz) dimen
sion parallel to the "free-surface" and incident shock
wave, and 1Jo is the initial perturbation amplitude ori
ented orthogonal to the xz-plane. In this geometry we 
take 1J(x,t) positive into the metal, and - 1J(x,t) into 
the vacuum, and we define ryb ,s (x , t) as the veloci
ties of the bubbles (spikes) relative to the free sur
face velocity ufs - in the laboratory frame we di
rectly measure with laser Doppler velocimetry (LDV, 
[4]) u.r." u'b = ufs - iJb, and u";' = ufs + IrySI. And we 
describe the extremely short, early time evolution of 
the perturbations as they compress during the inver
sion process with linear theory developed in [5]. For 
the subsequent period of substantial growth we use a 
nonlinear model developed in [6] . 

Setting g = 1Jok = 0 in Eq. 5a in [6], with some 
work, permits the approximation of the asymptotic 
RM spike velocity from Eq. 36 in [7] as 1J s --> - 00: 

lim iJ(1J ) = V3ryo· 
l1 l ~-oo 

(I) 

This approximation gives the maximum velocity at
tainable by the spikes in thi s model. 

The approximate bubble velocity is Eq. 17 in [6] 

2 · b 2 . b 1Jo . b - r . b (2) 
1Jt = 2 + 3iJ8kt ==} 1J~ = t~~ 1J1 = 3kt · 

This asymptotic limit applies at very late times and 
is independent of the initial perturbation amplitudes. 

Equations I and 2 require the initial growth rates 
ryg's. As shown in [5] , for shockwave driven incom
pressible linear instability growth (1Jok « I) 

. b . S k 1Jo = - 1Jo = 1Jo ufs · (3) 

This result is modified by two effects: compressibil
ity and nonlinearity. For A = - 1 Meyer and Blewett 
[8] found the compressibility factor to be: 

Ufs 
Fcmp = I - -2· , 

Ush 
(4) 

where Ush is the shock velocity in the material at 
PSB, and for linear amplitudes the bubble and spike 

compression factors are equivalent: Fcmp == F:';'~ . 
Reference [9] addresses the nonlinear growth 

regime through simulations, and [10] provides a non
linear factor as a fit to the spike simulations in [9]: 

F S = I 
nl I + (¥)2 · 

(5) 

A fit to the bubble simulations gives a bubble factor: 

Fb __ I_ 
nl - I + ~ · 

6 

(6) 

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

I . b,sl F Fb,sl k I 1Jo = cmp nl 1Jo ufs . (7) 

The third criterion evaluates whether ejecta forma
tion is more fundamental than a simple link to the 
material phase at the time of shock or shock release 
at the metal-vacuum interface. That is, are the crite
ria of ejecta formation fundamentally linked to ba
sic material properties? such as material strength at 
the strains and strain rates in the material as experi
enced in the interaction of shock induced stresses and 
the perturbation geometry? If correct ejecta can form 
when the metal is solid on shock and release. This 
hypothesis centers on a result in [II] where a model 
to evaluate the elastic-perfectly plastic yield Y of a 
material is developed. In [I I] they examine unsta
ble growth of perturbations when A = I (our physics 
regime is A = - I), and they relate Y to spike am
plitudes that grow plastically but arrest prior to spike 
breakup or failure . In Eq. 39 of [II] they find 

(~m - ~o )k ~ 0 .29P (~ikup? , (8) 
Y 

where in our A = - I geometry P f-4 Po , ~m f-4 

1J! , up f-4 ufs, and ~o ~ 1Jo when Y / (1JokG) « I, 
where G is the shear modulus; in practice Y must be 
the mean flow stress of the material at high strains 
and high strain rates, and we presume that Fcmp and 

F~'s absorb into the scaling parameter, 0.29. 
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APPROACH, DATA AND DISCUSSION 

In designing packages that addressed the full set 
of needs we settled on use of a P076 driver (76 mm 
diameter HE lens) and we utilized two different HE 
boosters: Calcitol for the Sn experiments, and PBX 
9501 for the Cu experiment. The final geometries are 
similar to the design seen in Fig. I, which incorpo
rates momentum trapping concepts (see [12]) . 

Figure 2 shows one late time x 3 magnified image 
from two of three Fig. I type pRad experiments: Sn
pRad0425 is to the left (Sn at PSB = 26.7 GPa), and 
Cu-pRad0426 is to the right (Cu at PSB = 36.1 GPa). 
The free-surface velocities uis were measured with 
LDV from the flat areas between each perturbation 
region, and the iIb,s were measured by LDV as well. 

When a shocked metal is liquid on shock orre\ease 
the velocimetry is generally unremarkable. This is 
observed in liquid release states where the free
surface velocity is seen to jump from zero to U I s 
and hold steady: it is liquid and retains no signifi
cant residual material strength. Because the Sn ex
periment was shocked to PSB » 19.5 GPa, the Sn 
velocimetry falls within this category: an unremark
able result showing only asymptotic bubble, spike, 
and free-surface velocities - Ub, u';' , and uis (see 
[14]). Table 1 shows the liquefied Sn results of in
terest, such as PSB and the shock velocity Ush at PSB 
together with iI! and iI! that are compared with the 
measured spike and bubble velocities iI!,m and iI s,m. 
In Table I PSB and Ush are estimated from (uls ), the 
average of the three U I s measurements (LDV probes 

Momentum Trapping Target 
8 .00" 6mm 

¢ 94.2 mm 

FIGURE 1. pRad RM experimental packages encase a 
76 mm diameter plane-wave HE lens in acetal plastic. The 
lens detonates a HE booster that drives a buffer plate and 
momentum-trap style target [12] (on right). The targets in
cluded four A. = 550 f.lm bands of sinusoidal corrugations 
with varying amplitudes. Each corrugation band was sepa
rated by flat regions used to determine velocity histories. 

2, 4, and 6). The iIs,m and iIb,m were coincidentally 
measured with a single LDV probe above each per
turbation region (LDV probes 1,3, 5, and 7); all mea
sured velocities are known to within 0.01 to 0.02 
mml,us. In the table, the late time measured bubble 
velocities iIb,m are reported (in a negative sense) rel
ative to (uI s) , We also report '"1,0' the time of shock
breakout at the minimum perturbation heights rela
tive to shock breakout at the free-surface, and '";/, the 
measured time over which the spikes are observed 
to rise to 90% of their asymptotic velocity iI;!;m. The 
uncertainty in these time values is of 0(0.005 ,us). 

The Cu ve\ocimetry, also presented in Table I, is 
more interesting because the Cu remains solid, and 
it is expected that at least one perturbation region 
will exhibit unconstrained growth of solid material, 
one region will exhibit no growth, while at least one 
region will exhibit growth and arrest. The Cu ve
locimetry showed that the largest 1Jok = 1.5 spikes 
grew unconstrained, the 1Jok = 0.75 spikes acceler
ated to a high velocity and then decelerated to a lower 
asymptotic velocity U';' = Const > U j > uIs (u j is the 
maximum measured uis which is > uIs of the solid 
Cu). From the Fig. 2 radiography these 1Jok = 1.5 
and 0.75 spikes also appear to have broken up. The 
velocimetry in the final two regions shows that the 
perturbations initially grew but then the spike growth 
arrested, decaying to u::,m = uj., < U j. 

Equation 2 implies that the relative difference 
lUIs - iI!l -> 0 at late times, but for liquefied Sn we 

observe that iIb is asymptotic and finite by t ~ 0.3 ,us 

15 20 25 30 35 
(aJ Distance (mmJ 

FIGURE 2. Sn (a) and eu (b) pRad images. The shock
wave breakout is above each image. The perturbation 
wavelength was A. = 550 f.lm ; T/ok is shown to the left of 
each perturbation region; !lIs was diagnosed with LOY (a). 
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TABLE 1. RM instability velocimetry from Sn-pRad0425 and Cu-pRad0426. A = 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; iJ;;"~ . 3 JlS and iJt=0.3 Jl s: the measured and predicted bubble velocity relative to Uf,. 
at t = 0.3 I1s ; iJ:.;m and iJ;": the measured and predicted asymptotic spike velocity; iJ~k: the peak measured velocity. The 

uncertainty in all measured velocities is of 0(0.01 to 0.02 mmll1s) , and the uncertainties in T/,o is of 0(0.005 I1s) . 

I 
TJok TJo Tbo Tit I iJlb;,,~.3 JlS iJt=03 JlS I iJ~m iJ~k iJ! 

Cu-pRad0426 (11m) (l1s) (l1s) (mmll1s) (mmll1s) (mmll1s) (m mill s) (mmll1s) 

PSB = 36.1 GPa 0.12 II :s 0.00 < 0.08 
(Uj ) ~ 1.58 (mmll1s) 0.35 31 :s 0.00 < 0.08 
(ujs) ~ 1.46 (mmll1s) 0.75 66 - 0.02 < 0.09 
Ush = 5.12 (mmll1s) 1.5 131 - 0.04 ? 

Sn-pRad0425 0.25 22 - 0.01 < 0.14 
PSB = 26.7 GPa 0.5 44 - 0.02 < 0.13 
(!ljs ) = 1.85 (mmll1s) 1.0 88 -0.02 < 0.21 
Ush = 3.97 (mmll1s) 2.0 175 - 0.09 < 0.34 

to t > 10 J1.s, in contradiction. However the predicted 
spike velocities were within 20% for the Sn exper
iment, and the prediction was most consistent for 
1]ok < I products that are the most relevant to ejecta 
production from shocked metals. Unsurprisingly, Eq. 
2 does not predict wel1 r,b for the Cu experiment. 

Equation 8 is best exemplified for the Cu 1]ok = 
0.35. For this case the spikes grew from a com
pressed amplitude of >::: 27 J1.m to 1]s >::: 192 J1.m , 
a ratio of 7. The strain rate was'" > 107/s at zero 
pressure. It appears the compression factor for A = I 
is carried in the Eq. 8 parameter, 0.29, implying it 
should scale by [(I - Uf,. / (2ush))/(1 - Ufs /UshW = 
1.4 when A = - I , which gives a flow stress of 0.52 
GPa. Application of PTW [13] to the 1]ok = 0.35 Cu 
gives an average spatial and temporal stress over the 
spike growth of 0.57 GPa [14]. 

CONCLUSIONS 

Much work remains to be done, the supposition 
that ejecta form as a limiting case of unstable RM 
flow is supported. Using such a model we predicted 
liquid Sn RM spike velocities within 20% of r,:';1n 
for 1]ok ::::: 2. The failure to predict wel1 the bubble 
velocities is a surprise, but these data present an 
opportunity to study solid and liquid RM physics of 
liquid and solid metals in the limit of A = - I. 

The Eq. 8 RM relation was suggested in [11] for 
A = I step-function interface loading pressures. To 
extract the plastic constitutive properties of real ma
terials from velocimetry data, an analogous relation 
that includes realistic constitutive relations account-

0.00 N/A 0.00 0.17 0.15 
0.00 N/A 0.00 0.57 0.43 

- 0.02 N/A 0.98 1.30 0.82 
- 0.02 N/A 1.89 1.82 1.20 

- 0.07 - 0.12 0.63 0.63 0.61 
- 0.15 - 0.15 1.14 1.14 1.16 
- 0.14 - 0.17 1.60 1.60 1.97 
- 0.26 - 0.18 2.10 2.10 2.46 

ing for work hardening, strain rate sensitivity, and 
temperature dependence must be derived for A = - I . 

Special thanks to the pRad core team, G. Dimonte, 
B. 1. Balakumar and (Rusty) T. Gray. 
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